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FOREWIOfD

CONFERENCE ON SPACE AM[} rILITAPY APPLICATIONS
OF AUTOMATION AND ROBOTICS (A&R)

21 - 22 JUNE 1988

The idea to sponsor a joint conference beteen the U.S. Army Missile
Command and the NASA Ilarshall Space Flight Center evolved between the two
agencies during exchanges of information related to automation and robotics
(A&R). Proiran A consisted of mostly NASA related topics while Program B
consisted of mostly Army topics. In some instances topics from both agencies
were included in the same session. There were enough similarities in the
ererqinq technologies for an exchange of ideas tn take place; however, as the
conference progressed an interesting difference in the motivations for A&R
research within the two agencies became apparent. While both space and the
hattlefield are volatile onvironments to people, Army technologies are moving
forward to renove people from the battlefield while HASA technologies (re
moving forward to station people in space.

A similarity hetween both agencies is their concern for finding w~s to
develop high technology systems that will enhance human capabilities and
conserve resources. The conference identified some of the problems and
solutions addressing the challenges that exist today. Future requirements
were also defined.

Dr. Robert J. Heaston
GACIAC Director
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CONFERENCE ON SPACE AND MILITARY APPLICATIONS

OF AUTOMATION AND ROBOTICS

21-22 JUNE 1988

MARRIOTT OF HUNTSVILLE, ALABAMA

Technical Pr wai Chairman: Dr. Gary L. Workman
University of Alabama in Huntsville

General Chair: Elaine Hinman
NASA/MSFC

J. L. Prater
USAMICOM/RDEC

Plenary Session: Elaine Hinman
NASA/MSFC

J. L. Prater
USAMICON/RDEC

Welcoming Remarks: J. R. Thompson, Director
NASA/MSFC

W. C. McCorkle, Director
USANICON/RDEC

NASA Keynote: J. B. Odom
Associate Administrator for the Space
Station
NASA Headquarters

Ar ky Keynote: J. 0. Weisz, Director
Human Engineering Laboratories
LABCOM

Plena" Presentation: Steve Bartholet
Odetics, Inc.
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Monday, June 20, 1988

06:00 - 08:00 PM Pre-Registration in Marriott Lobby Area

Tuesday, June 21, 1988

07:30 - 08:30 AN Registration (lobby)

08:00 - 10:00 Plenary Session I
Chairs: Elaine Hinman, NASA/MSFC

J.L. Prater, USAMICOM/RDEC

08:05 Welcoming Remarks:
J.R. Thompson, Director, NASA/MSFC
Col. Nicholas Hurst, Deputy Director, USAMICOM/RDEC

08:25 NASA Keynote:
J.B. Odom, Deputy Director for the Space Station
NASA HQ

08:55 Arr~y Keynote:
J.D. Weisz, Director, Human Engineering Laboratories
LABCOM

09:35 Plenary Presentation:

Steve Bartholet, Odetics, Inc.

10:15 BREAK

10:30 Session II Program A
IVA Robotics
Chair: Pam Nelson, NASA/NSFC

Keynote: W.B. Chubb, Director, Information and Electronic Systems
Laboratory, MSFC

"Dual-Arm Robot for Telerobotic IVA Operations on the Space

Station"
N.C. Ziemke, H.M. Chang, University of Alabama in Huntsville
J. Kader, Kader Robotics, Inc.

"The Impact of an IVA Robot on the Space Station Microgravity

Environment"
P.E. Harman, Teledyne Brown Engineering
D.A. Rohn, NASA/Lewis Research Center

uAn Automated Protein Crystal Growth Facility on the Space

Station"
M.C. Herrmann, NASA/MSFC.

vii



10:30 Session II Program B
Strategies for Deployment
Chair: J.L. Prater, USANICOM/RDEC

Keynote: Colonel J.D. Petty, Director
Advanced System Concepts Office

"TMAP - The Army's Near Term Entree to Battlefield Robotics"
R.K. Simons, Martin-Marietta Baltimore

"When Will Robots Be Used in Combat?"
S.Y. Harmon, Robot Intelligence International

"TMAP: An Offset Platform"

J. Kirsch, Grumman Corporation

12:00 LUNCH (served poolside)

01:30 Session III Program A
Artificial Intelligence and Expert Systems I
Chair: Elaine Hirnan, NASA/MSFC

"An Expert System for Object Recovery"
A. Farsaie and T.A. Dumoulin, Naval Surface Weapons Center
W.A. Venezia, Naval Surface Warfare Center

"High Level Intelligent Control of Telerobotic Systems"
J.W. McKee, University of Alabama in Huntsville, and
J. Wolfsberger, NASA/MSFC

"Neutral File J)ata Exchange Between Simulators and Robots"
W.D. Engelke, University of Alabama in Huntsville

"CooperaLing Expert Systems"
M. Brady and D.R. Ford, University of Alabama in Huntsville

"Space Languages"
S. Davis and D. Hayes, University of Alabama in Huntsville
J. Wolfsberger, NASA/4SFC

viii



01:30 Session III Program B
Sensors and Image Processing
Chair: Lynn Craft, MICO4

"A System for High Resolution 3D Mapping Using Laser Radar
and Requiring No Beam Scanning Mechanisms"
P. Rademacher, Robotic Vision Systems, Inc.

"Technology Transfer: Imaging Tracker to Robotic Controller"
W.S. Otaguro, L.O. Kesler, McDonnell Douglas Astronautics Co.
K.C. Land, H. Eiwin, and D.E. Rhoades, NASA/Johnson Space
Center

"Stabilized Image System for Mobile RPbots"
D.S. Stauffer and E. Watts
Rexham Aerospace and Defense Group

"lwo Dimensional Convolute Integer Technology
for Digital Image Processing"

T.R. Edwards, TREC, Inc.

03:15 BREAK

03:30 Session IV Program A
Robotic Systems
Chair: Chuck Shoemaker, Human Engineering Laboratory

"A New Approach to Robot Kinematic Analysis"
M.S. Waggener and F.J. Testa

Advanced Control Technologies, Inc., and
G.O. Beale, George Mason University

"Omnicon - The Self-Aligning Space Connector"
H.S. Haman, Environmental Components, Inc.

"Fluid Disconnects for Automated and Robotic Spacecraft
Servicing"

J.M. Cardin, Moog Incorporated

"Development of a Hybrid Simulator for Robotic Manipulators"
P.M. Van Wirt and M.B. Leahy, Jr.,

Air Force Institute of Technology
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03:30 Session IV Program B
Guidance, Navigation and Control
Chair: Greg Graham, USAMICON

"The DARPA Autonomous Land Vehicle: A Phase I Retrospective
and a Prospective for the Future"

R.J. Douglass, Martin-Marietta Denver

"Development of a Man-Portable Control Unit for a Teleoperated
Ldnd Vehicle"

D.E. McGovern and S.V. Spires, Sandia National Laboratories

"Robotic Visual Servo Control for Aircraft Ground Refueling"
M.M. Miller, M.B. Leahy, Jr., and M. Kabrisky,

Air Force Institute of Technology

"Use of Mobile Robots in Responding to Radiological and
Toxic Chemical Accidents"

H.B. Meieran, PHD Technologies, Inc.

"The Versatool III"
F.R. Skinner, Robo-Tech Systems

05:30 - 07:30 Reception (Marriott Ballroom)

Chair: G.L. Workman, University of Alabama in Huntsville

Speaker: Joe Engelberger. TRC, Inc.
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Wednesday, June 22, 1988

08:00 AM Session V Program A
Robotic Systems
Chair: Ken Fernandez, NASA/MSFC

Keynote: J.W. Littles, Director, Science and Engineering, MSFC

"Insertion .ith Two Coordinated Robot Arms"
F.L. Swern anu S.J. Tricamo, Stevens Institute of Technology
N.P. Cole~dn, Jr U.S. Army R&D Center

"Orbital Maneuvering Vehicle (OMV) Remote Servicing Kit"
N.S. Brown, NASA/MSFC

"Inflatable End Effector Tools"
C.K. Lord, Ois Engineering, Inc.

08:00 AM Session V Program B
Manufacturing of Aerospace and Missile Systems I
Chair: Howard Race, USAMICOM

Keynote: R.E. Bowles, Chief of Mobility of Technology Planning and
Management, LABCOM

"Robotic Assembly of Microscopic Components in Millimeter Wave
Devices"

S.A. Prokosch and K. Aufderhar, Honeywell, Inc.

"Automated Millimeter Wave (MMW) Transducer Testing in a
Robotic/Vision Test Cell"
M. Francis and J. Risendal, Honeywell, Inc.
R. Hill, U.S. Army ACQM, Armament Research Development and

Engineering Center

"Development of an Integrated CAD/CAM System for Wire Harness
Fabrication"

J.M. Andew'son, J.I. Locker, U.S. Army Missile Command
T.D. Morgan, L.C. Frederick and C.O. Minor,

University of Alabama in Huntsville

10:15 BREAK
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10:30 Session VI Program A
Tel erobot ics
Chair: Cindy Coker, NASA/MSFC

"Testing the Feasibility of Using a Teleoperated Robot
for Remote, Dexterous Operations"

J.A. Molino and L.J. Langley, Tech-U-Fit Corporation

"ORU Guidelines for Telerrobotic Compatibility"
M.M. Clarke and D. Manoucnehri, Rockwell International

"Ground Control of Space Based Robotic Systems"
K.E. Farnell and S.F. Spearing, Teledyne Brown Enginee ing

"The Advanced Research Manipulator I"
P.D. Spidaliere, AAI Corporation

"Investigation of Learning Factors in the Performance
of Teleoperated Tasks"

J.N. Lovett, Jr., University of Alabama in Huntsville
A.R. Wyskida and R.W. Amos, U.S. Army Missile Command

10:30 Session VI Program B
Manufacturing of Aerospacc and Military Systems II
Chair: Chip Jones, NASA/MSFC

"Development of Automation & Robotics for Space via Computcr
Graphic Simulation Methods"
K. Fernandez, NASA/MSFC

"On Designing A Case-Based System for Expert Process
Development"
S. Bharwani, J.T. Walls, and M.E. Jackson

Martin Marietta Laboratories

"Expert System Technology: An Avenue to an Intelligent Weld
Process Control SysLem"

R.E. Reeves, T.D. Manley, and A. Potter
General Digital Industries, Inc., and

D.R. Ford, University of Alabama in Huntsville

"Advantages of Off-Line Programming and Simulation for

Industrial Applications"
_. Shiver, Martin Marietta Aerospace,
0. Gilliam and G.L. Workman, University of Alabama in

Huntsville

12:00 Noon Lunch (served poolside)
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01:30 Session VII Program A
Manufacturing of Aerospace and Military Systems III
Chair: J.M. Anderson, USAMICOM

"A 3-D Graphical Simulation of an Automated Direct Chip
Probel Test System"

D.C. Holderfield, U.S. Army Missile Command
T.D. Morgan, B.E. Martin, and J.A. Raney

University of Alabama in Huntsville

"Automated Manufacturing Programming System"
B.J. Schroer and F.T. Tseng

University of Alabama in Huntsville
J.W. Wolfsberger, NASA/MSFC

"Algorithm for Display of Automated Nondestructive Thickness
Measurements"
J. van der Zijp, University of Alabama in Huntsville

01:30 Session VII Program B
Artificial Intelligence and Expert Systems II
Chair: Bernard Schroer, University of Alabama in Huntsville

"A Planner For Threat Assessment and Response"

A.N. Steinberg, The Analytic Science Corporation

"A Robotic Vehicle Route Planner for the 1990's"

W.J. Pollard, KMS Fusion, Inc.

"A Demonstration of Retro-Traverse Using a Semi-Autonomous Land
Vehicle"

D.E. McGovern, P.R. Klarer, and D.P. Jones
Sandia National Laboratories

"Dynamic Planning for Smart Weapons"

S.J. Larimer and R.A. Luhrs, Martin-Marietta Denver

"A Knowlege Representation Scheme for a Robotic Land Vehicle
Route Planner"

P.J. McNally, KMS Fusion, Inc.

"IRIS - An Intelligent Robot Insertion Expert System"

W. Teoh, Sparta, Inc.

"Pedagogical Issues in Developing a Man-Machine Interface for
an Intelligent Tutoring System"
W.4. Holmes, USA4ICOM

xiii
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James R. Thompson, Jr.

NASA HQ

Welcoming Speaker

James R. (J.R.) Thompson, Jr., was named director of the Marshall Center
on September 29, 1986, after serving three years as Deputy Director
(technical) at the Princeton University Plasma Physics Laboratory. In 1986,
while still at Princeton, he was named vice-chairman and day-to-day head of
the NASA task force looking into the cause of the Challenger accident. Before
going to Princeton, Mr. Thompson spent 20 years as manager of the
NASA/aerospace industry team that developed the main engine of the Space
Shuttle, perhaps the most sophisticated machine ever built. He also served as
Associate Director for Engineering in the Center's Science and Engineering
Directorate, the organization responsible for developing many of the nation's
space projects. Today, as Director of one of NASA's largest and most diversi-
fied centers, Mr. Thompson is responsible For many of the agency's top
programs.

Under M r. Thompson's leadership, the Marshall Center is responsible for a
wide variety of NASA projects ranging from development of the Edwin P. Hubble
Space Telescope and production of the propulsion elements of the Space Shuttle
to management of Spacelab Earth-orbital missions and other payloads for the
Space Shuttle. Also, the Marshall Center has been given a substantial role in
the development of Space Station, a permanent manned facility proposed by
President Reagan to be in orbit by the mid-1990s.
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William Claiborne McCorkle, Jr.

USAMICOM/RDEC

Welcoming S ,aker

As MICOM Technical Director, Dr. McCorkle serves as the senior technical
advisor to the Commander on all research and development matters. As Director
of the Research, Development and Engineering Center, he is responsible for
providing major research, development, production, field engineering and soft-
ware support to more than twenty MICOM project and product managed systems.
In addition, he is responsible for planning and executing the Missile
Command's programs in research, exploratory and advanced development of
missiles and high energy lasers.

Dr. McCorkle came to the Missile Command in 1957 from a position at
Tulane University and has since served in a number of increasingly responsible
scientific and engi ering positions, including an 18-month rotational assign-
ment in the Department of Army Staff as Science Advisor to the Director of
Weapons Systems. He has worked on missile-related research and development
probletns and projects associated with virtually every missile and rocket
ystem under MICOM cognizance. his contributions include numerous papers and
patents in guidance and control, such as the complete guidance system used in
the LANCE missile, and major improvements to the HAWK miss'le system, includ-
ing the most recent improvement permitting multiple simultaneous engage-
ments. He has adhieved national recognition for initiating and guiding the
.enter's highly succesful pioneering work in fiber optic guidance links for
,dissiles, providing a fevolultionary new countermeasure-resistant capability
for finding and engagiq both rotary wing and armored targets out of the
gunner's line of sight. Dr. McCorkle has long effectively champion 1 the use
of simulation techniques for missile design and analysis and initiated the
effort that led to MICOM's Advanced Simulation Center, a major natiunal
facility and key to a numher of successful missile development and improvement
programs.

In November 1980, Dr. ftcCorkle was selected for the dual role of MICOM
Technical Director and Director of the U.S. Army Missile Laboratory (now the
Research, Development, and Engineering Center).

Dr. Mcorkle holds a Ph.D. in physics from the University of Tennessee
and a B.S. in physics from the University of Richmond, Viiginia.
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J. B3. Odomi
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James B. Odom

NASA HQ

Keynote Speaker

James B. Odom, who recently assumed the duties of Associate Administrator
for the Space Station, worked at Marshall Space Flight Center for more than 30
years, serving as Director of the Science and Engineering Directorate from
1986 to 1988 and prior to that, was Manager of the Hubble Space Telescope
Project.

At Marshall Space Flight Center, Mr. Odom has held many engineering and
management positiuns. He was highly involved in the development of earth
satellites and unmanned space probes before his assignment as Chief of the
Engineering and Test Operation Branch for the Second Stage of the Saturn
Vehicle. In 1972, he was appointed Manager of the External Tank Project in
the Space Shuttle Project Office. He became Manager of the Hubble Space
Telescope Office in 1983.

Mr. Odom graduated from Auburn University in 1955 with a BS in Mechanical
Engineering. He has received numerous NASA awards including the NASA
Exceptional Service Medal in 1973 for his contributions to the Saturn S-2
stages and the NASA Distinguished Service Medal in 1981 for his work in
developing the Space Shuttle and its successful first orbital test flight. In
1985, Mr. Odom was awarded the Presidential Rank of Meritorious Executive in
recognition of his contributions to both the External Tank and Space Telescope
Projects.
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John D. Weisz
Human Engineering Laboratories

LABCOM

Army Keynote Speaker

Dr. Weisz joined the Human Engineering Laboratory (HEL), Aberdeen Proving
Ground, Maryland in 1953 and was appointed Director of the Laboratory in
1957. The laboratory became the U.S. Army Human Engineering Laboratory, a
separate activity reporting directly to the U.S. Army Materiel Development &
Readiness Command (DARCOM) in Alexandria, Virginia.

The HEL has been designated as the Lad Laboratory for Human Factors
Engineering Technology within Department of the Army and DARCOM Lead Agency
for Robotics and Military Operations in Urban Terrain (MOUT). The primary
mission of the HEL is to assure that Army materiel evolved conforms with the
capabilities and limitations of the fully equipped soldier to operate and
maintain the materiel in its operational environment consistent with tactical
requirements and logistic capabilities. Dr. Weisz has been very active in the
area of manpower resourcu- integration efforts in Department of Defense (DOD)
materiel development programs. He served on a special DoD study in 1967 and
helped write the first Army Regulation (AR 602-1) on this subject. He also
serve-d as a member of the Army Research Council which reported directly to the
Assistant Secretary of the Army for Research & Development.

Dr. Weisz -is authored numerous technical reports and articles in
technical journals in the fields of human factors engineering, psychosomatic
medicine, retardation, and experimental physiology. Dr. Weisz is also a
member of the National Research Council Vision Committee and the Acoustics
Committee; Sigma XI, and has served as President of the Northern MD Retarded
Association (NARC) and the Maryland Association for Retarded Citizens, Inc.
(MARC).

Dr. Weisz also has received a number of awards, among them are the Junior
Chamber of Commerce Outstanding Young Citizen; Outstanding Performance and
Superior Performance; DA Certificate of Achievement; Department of the Army
Decoration for Meritorious Civilian Service and the Department of Army Decora-
tion for Exceptional Civilian Service; Award of Merit as employer of the year
for employment of the Handicapped, State of Maryland: the DoD Distinguished
Civilian Service Award and received the first Leslie Simon Award presented by
ADPA.

10
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ARMY ROBOTICS PROGRAM EVOLUTION

6 June 1988

Dr. John D. Weisz
Director

U. S. Army Human Engineering Laboratory
Aberdeen Proving Ground, Maryland 21005-5001

ABSTRACT

This paper reviews the motivations for Army use of robotic systems and describes the
emergence of an important initiative in the development and application of robotics
technology for Army missions. Its principal focus is robotics for battlefield and support
areas.

Our involvement at HEL in robotics began in late 1980. At that time, I attendd a
National Academy of Sciences review of robotics technology and its application to industry

and government.
Even ai this early date, it was evident that the Army could obtain enormous leverage

from this technology and that, perhaps paradoxically to some, the development of effective

soldie: machine interfaces to these systems would be critical.
Paradoxically, because to some the word "robotics" implies no human interface; in

actuality, a critical requirement in the evolution of machines with the ability to pertorm a
diverse array of sophisticated functions, i.e., true robots, is a requirement for new methods

of human interface. This requirement exists because the existence of an effective human

interface:
'permits earlier fielding of robotic systems dunru allocation to tie hunman of those

functions not amenable to fully automated function;
- generally permits a less operationally constrained use of the robotic capability;
-is crucial for mainteimnce (siart maintenance for the smart n .hines or there

may be no net gain);
-is critical to the acceptance of a technology which is hi its infancy, and which

will firquently be associated with application of deadly force.

It is crucial to the realization of the true military significance of robotics that a variety
of interface approaches be developed and that full-time human control in a telepresence
mode not be the sole mode of irterffce.



This variety of interfaces is necessary in order to realize major advantages from the

combat application of robotic systems (as opposed to subsystems such as tank

autoloaders). These advantages accrue from opportunities for:

*remote operation of the system as a means of improving the soldiers

survivability;
-proliferation of a group of expendable systems. Overlay on these conditions a

declining manpower pool, and you have a situation in which dedicated broad band

teleoperation of each system is neither desirable nor practical. Development of a class of

interfaces in which significant autonomy on board the machine enables low data rate

communications between soldier and machine entails an entirely new class of interface

issues, e.g., what is the most critical info to display from both temporal and spatial

sampling standpoints? The low data rate communication capability provides opportunities

to utilize robust low probability of intercept RF communication links which do not saturate

the portions of the spectrum which support non-line-of-sight communication. A three-

order of magnitude reduction in communication data rates is neccessary to move from the

data rates typically used for teleoperation to those supported by tactical communication

systems such as SINCGARS.
Another conclusion I reached as a result of the early 1980 National Academy meeting

was that there was an experience base in NASA, the DOE labs, the National Bureau of

Standards, and in industry that was directly applicable to the Army's nascent interests in

robotics. We have worked hard as a community to leverage thes groups.

(VG #1: EARLY AND CONTINUING SOURCES OF LEVERAGE)

In 1981, 1 requested DARCOM Headquarters to assign HEL a lead role in robotics

technology. Our laboratory has had a long and very positive relationship with the Army's

user communitity in programs such as the Human Engineering Laboratory Battallion

Artillery Test series of experiments at Ft. Sill, Early in the robotics program, I saw a need

to develop a snilar close tie with the user community. It was and is especially important in

the application of a virtually unprecedented technology such as robotics to geneate a close

rapport with users of the technology. Thus early in 1981, 1 solicited GEN Don Starry,

then CG TRADOC, to identify a lead agent for robotics within the Training and Doctrine

Conmand. GEN Starry identified the Soldier Support Center (MG French eonmmnding)

as the lead, and we initiated a series of joint DARCOM/TRADOC Steering Group meetings

to perfomi technology as..ssments for robotics applications identified as having strong

user interest. This early working group met in 1982-1983 and helped precipitate a
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TRADOC initiative to form a General Officer Steering Committee for Artificial Intelligence

and Robotics.

(VG #2: MAJOR EVENTS IN PROGRAM EVOLUTION)

Other significant events occurring during this period included studies performed by

the Army Science Board, a major contract study performed by SRI for the Engineer

Topographic Laboratory, and some early demos of the capabilities of robotics for

mineclearing and ammunition handling

(VG #3: ROBAT)

The mineclearing activities were led by now retired Major General Bob Sunnel,

and tie ammunition handling experiments were conducted by HEL and Tooele Army

(VG #4: RALS PROJECT.)

Depot, with assistance from Unimation Inc.

The studies identified a myriad (some 75) TRADOC interests in the application of
robotics technology. Thru this study and others by te NRC and ASB, consistent factors

emerged motivating Army application of the technology. Indeed, the next major -udy

effort by the National Reserach Council captured these themes in its title "Applic" * n of
Artifical Intelligence and Robotics to Reduce Risk and Improve Effectiveness." Reference

to one of our current briefing charts reflects this emphasis.

(VG #5: ROBOTICS EXPLOITATION)

The critical requirement at this point was to select a manageable number of

demonstration projects and to put in place plans and funding to develop, integrate and

evaluate the utility of robotics technology thru demonstration projects and hands-on troop

experience.

The opportunity to perform this function came when LTG Bob Moore, then Deputy

Commanding General for Research Development and Acquisition, AMC and a former
MICOM connander tasked us to draft a robotics investment strategy for the Army.

I'll review the strategy we proposed which LTG Moore, Gen Thompson at that time

our CG, and Gen Richardson, then TRADOC CG approved.
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As indicated above, there was no shortage of good ideas for the application of

robotics technology. If anything, there was and is a danger that pursuit of too many of

these ideas will lead to such fractionation of available resources that robotics will

experience a setback. Paramount in LTG Moore's mind was the establishment of a set of
protected programs which could serve as a focal point for the total program. We, jointly

with the recently formed Anoyo Center component of the Rand Corporation, decided at

that time to make that focus telerobotic vehicles and telerobotic manipulators for logistics

operations. The rationale for this decision was that focus on these two groups of programs
would either utilize or lead to advancements in virtually every segment of the robotics tech

base in areas critical to the support of a large number of robotics projects in the future.
This lead then to the selection of three programs within the two areas of telerobotic

vehicles and manipulators:
TELEROBOTIC VEHICLES

TMAP and the Robotic Combat Vehicle Program

TELEROBOTIC MANIPULATORS

Field Material Handling Robot Program

(VG #6: PROGRAM EVOLUTION)

We proposed an initiative titled TMAP or Teleoperated Mobile Anti-Anr Platforn

as a near term, multi-purpose platform which would initially be configured with light anti-
armor weapons. This program was proposed building on the BRL/ Giummi Ranger

experience to explore the low cost, low signature, expendable end of the telerobotic vehicle
spectrum. The intent was to couple the operator to the TMAP frlu a wide band fiber optic

link. The teleoperated mode of operation was a key aspect of this system in that this was a

crucial safety related issue for a system configured with weapons. We recommended that

MICOM be given the lead for the TMAP portion of the overall robotics program in

recognition of their experience base with missile weapon systems, associated fire control

and fiber optic data links.

(VG #7: TMP)

We are presently faced this year with some congressional language which required us

to a eliminate a weapon as part of the TMAP. AMC and TRADOC HQ are due to brief the
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staffer who instigated this action on the Army's interests in robotics and robotic weapon

systems in the near future.

With the exception of the weapon issue which has caused the deletion of the weapon

and a retitling of the program to Teleoperated Mobile Platform (TMP), the TMP program is

on track thru contracts managed by Sandia National Labs for MICOM. Two TMP

demonstrators are under development and will be provided in the fall of this year. Sandia

developed and demonstrated a small variant of the TMAP concept called Fireant. It

represented the ultimate in expendable systems.

(VG #8: Fireant)

The Fireant platform is destroyed in the process of shooting a large explosive-formed

penetrator warhead. The evaluation thru troop use of these platforms for roles in EOD,

battle damage assessment, forward observation, designation, etc. will be a major milestone

for the Army's robotics program. As a result of a 1986 Concept Evaluation Program test at

Ft. Benning, considerable attention has been focussed on the user interface to TMP,

particularly as regards low cost b'-t effective land navigation. Another key issue in the

TMP program is the capability to move beyond one-on-one teleoperation to some aspecLs of

one-on-many soldier control of multiple vehicles thru target cueing capability.

While TMP represents the low cost, near term end of the telerobotics spectrum, the

Robotic Combat Vehicle (RCV) effort focusses on longer term tech base developments,

penitting multiple vehicle control, in a mobility and mission package scase, untethered

operation and higher levels of mission autonomy. The two principal elements of the RCV

program are the Robotic Conoand Center and Tech Base Enhanced Autonomous

Machines (TEAM) probnams.

(VG #9: RCV TEAM System Features)

The TEAM program is one of two major LABCOM initiatives comprising a

cooperative laboratory program. This effort was motivated by a LABCOM HQ desire to

foster programs which would focus the tech base efforts of multiple lab- on areas of future

materiel development. Key thrusts within the TEAM program include comnud and

control of two robotic vehicles configured to penit realistic olerational missions for

robotics, mobility and miission package control thru tactical radio communication links,

autonomous mobility over previously waversed routes, miission packages permitting
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autonomous target acquisition, and in the future autonomous target engagement when the

aforementioned certain congressional prohibitions are lifted regarding the use of weapons

on robotic combat vehicles. I touched on the data rate issue earlier in the briefing. The

following slide is germane to this issue.

(VG #10: COMPARISON OF DATA RATES)

HEL has a lead role for the TEAM within LABCOM. As you can see, we have a large

number of participants in this effort reflecting the intention of utilizing the diverse

contributors I spoke of earlier in the briefing.

(VG #11: TEAM PARTICIPANTS)

The Robotic Command Center (RCC) effort is a TACOM initiative under the Robotic

Combat Vehicle (RCV) program. This effort concentrates on integration of a robotic

vehicle command and control capability into a volume compatible with transport on an

armored vehicle, specifially a variant of the M109 chassis.

(VG #12: ROBOTIC COMMAND CENTER)

The RCC houses three operator workstations, one for a commander and two vehicle

driver workstations.

(VG #13: RCC DRIVER STATION)

It is configured to enable driving of robotic vehicles with substantial levels of

mobility related autonomy for functions such as road following. The RCC will be

Computer Aided Remote Driving (CARD) compatible. CARD, developed by the Jet

Propulsion Laboratory from techniques originally developed for Mars rover exploration

missions, enables the driver to visually observe and designate intermediate trajectory points
(via points) for the vehicle. The vehicle can identify and traverse a straight line path thru a

series of these points autonomously, assuming no unobserved or new obstacles appear.

After path planning, this capability will, over some types of terrain, provide a single

operator the ability to control multiple, simultaneously maneuvering vehicles. In addition

to these functions, RCC will incorporate sophisticated mission planning and route selection

16



software integrated with terrain database analysis capabilities. FMC, San Jose, is the prime

contractor for the RCC effort.

A major issue in the RCV program is the development and implementation of a

standard set of communication and interface specifications which will enable RCC and

TEAM, as well as other robotic vehicles, to be operated without requirements for multiple

command and control workstations.

(VG #14: SOLDIER CARRYING 8" PROJO IN THE MUD)

A second major area of importance for the application of robotics for the Army is that

of material handling functions. There are an enormous number of labor intense, in some

cases hazardous, manipulative functions embedded in combat, combat support and combat

service support functions. These include heavy lift for a variety of logistics and
engineering functions as well as dexterous operations performed at substantial risk to

members of the Explosive Ordnance Disposal community, A 1983 National Academy of

Sciences review of the application of robotics to the Aa-my recognized the many application

potentials tbr robotics in the field environment by stating that robotic material handling

syst s would become as ubiquitous as the jeep in the future battlefield. In recognition of

this and the different issues tech base required to utilize robotics in the field environment as

opposed to the factory, an early decision was made to focus a major element of the Any's

robotics technology investment on manipulator systems.

The Field Material Handling Robotic Technology (FMRT) project is the largest such

project. It is developing and integrating a wide variety of technologies such as servo

control, robotic sensing, safety, advanced computing architectures, manipulator design and

packaging into a robotic manipulator testbed of unprecedented capability.

(VG#15: FMRT SLIDE)

This system will be capable of autonomously acquiring and transferring at high rates

a variety of palletized workpieces. Both the FMRT and TEAM projects are. utilizing the

National Bureau of Standards' developed Real-Time Control System (RCS). RCS is a

well-structured architecture whose hierarchical state table basis facilitates easy user

interaction at any of its levels. Use of the RCS leverages over $20 million dollars of Navy

investment. The RCS architecture has been adopted by NASA as a standard reference

model. HEL, for LABCOM, Tooele Army Depot, the National Bureau of Standards,
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Belvoir RD&E Center, and Martin Marietta, Baltimore (the FMRT prime contractor) all
have participated roles in the development of FMRT.

The FMRT testbed is specifically designed to enable the Army to evaluate efficiency
increases realizable thru the development of logistics workcells. Technology products from
the FMRT program will be applicable to a wide range of field oriented and industrial
robotics development efforts. One example of this is the sensor-equipped end effector,

(VG #16: FMR-X TESTBED END EFFECTOR)

This unit will be adapted to new forklifts permitting autonomous pallet acquisition

(VG #17: UNIVERSAL SELF DEPLOYABLE CARGO HANDLER)

One can easily imagine the use of this technology with industrial equipment in a
loading dock upload or download scenario. In this sense, the Army program not only
draws from, but contributes to, U. S. industrial competitiveness.

FMRT testbed is scheduled for FY89 completion.
DARPA has initiated a progia titled "Advanced Robot Manipulator System

(ARMS)" which performs much the same technology development and integration function
tbr dual-ann dexterous manipulation that the FMI'T program is performiing in the heavy lift
domain.

(VG#18: ARMS

This presentation is by no means exhaustive of the robotics progrmns being pursued
within the Airny or for that matter other worthy programs in the other services. It has
described a group of projects that the Amy his singled out for emphasis and the
motivations ftr their selection, With the developient of TMP, we will have the
opportunity to place some of the earliest products of this program into the field for rigorous
troop testing. Machines such as the FMRT and RCV's represent the next wave of
opportunities in which truly intelligent machines capable of a wide variety of independent,
sophisticated functions will be available for evaluation with troops in the field environment.

In conclusion, we are rapidly nearing the time when it will be possible to test many

of the assertions made regarding the application of robotics to key Army missions. If one
stands back and looks at these concept dev;lopments from a broader point of view it is
clear that we are preparing for a series of experiences with an em.Uyonic technology which
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will have a major impact on our defense in the aggregate, and in a very direct way, for the

soldier of the future.
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Steve Bartholet

Odetics, Inc.

Plenary Speaker

Steve Bartholet conceived and managed the construction of ODEX I, the
six-legged walking robotic demonstrator for which he and Odetics, Inc. hold
patents for the leg mechanisms. The Odex I was built as a technology demon-
strator and resource base for future intelligent machine system develop-
ments. Each of the six legs has three degrees of freedom. The total of 18
d.o.f. must be controlled in real-time through algorithms for the 6 legs,
which share overlapping work spaces.

A4- "Robots 11" in April 1987. he was presented the First Annual Jean
Vertut Award for Excellence from Robot',cs International.

Force-component isolation designs were invented by Mr. Bartholet for tu'e
ODEX I legs. Each of the six legs weighs 50 pounds, including motors, gears
and all sections. The lift capability of each leg is 45 pounds in any posi-
tion. The computing power of the ODEX greatly simplifies thn man-machine
interfaces. The teleoperator deals only with high-level comnmnds for mode of
operation, selection of parameter boundaries, and driving of the body of the
ODEX through a rate-control joystick. The teleoperator can similarly take
control of any leg and operate it as an arm. The legs are under state-of-the-
art closed-loop, continuous path trajectory management. Yet, the new advances
in embedded computer control represented by the ODEX result in smooth, rapid,
and continuous motion.
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ABSTRACT

Sometime near the middle of the next decade, the United States Space Station will achieve initial
occupancy. The crew of the Space Station (SS) will have to perform three major groups of tasks.
These are normal station-keeping tasks, assistance in completion of SS construction and scientific
experiments. Obviously, such a range of tasks requires great flexibility and adaptability. Such
caoability is only achievable by the use of highly trained crews. However, each succeeding estimate
of initial SS crew size seems to become smaller. Currently, crew sizes of six to eight are being
discussed.

The SS crew will have to perform tasks in two environments: EVA (Extra-Vehicular Activities)

and IVA (Intra-Vehicular Activities). The IVA tasks are assumed to include the most intricate
operations because they will be involved in most of the scientific activity.

To extend the capability of the limited initial SS crew, it is planned to use teleoperated
robots with dextrous manipulators. These robots must perform tasks devised such that the human crew
can replace the robot in case of equipment failure. If large scale augmentation of the capability
of the SS crew is to be achieved with robots, some or most of these robots must be of the two-ar'med
typo.

Kader Robotics has designed a unique dual-arm robot that is particularly well-suited for ue in

the confined spaces of the Space Station. This paper describes the characteristics of this robot.

1.0 INTRODUCTION

The number of industrial robots in use throughout the world totals in the tens of thousands.
It is very safe to state that the great majority of these robots are of the single-arm type, Therp
is a very good reason for this fact. These industrial robots perform repetitive, pre-programmed
tasks. Usually, the workpiece is positioned and held by other devices or fixtures. Tle robot need

only perform a simple function such as bringing a welding electrode to a given locatio.n,hnlding it
briefly in place and then retracting it. It is believed that there will be rather little of such
work requirements inside the Space Station. Instead, there will be a need to assemble and
disassemble machinery and scientific equipment and perform delicate, precise tasks associated with
microgravity and other experiments. In other words, much of the work will be the kind performed by
a skilled workman using both hands.

The SS crew will need to be aided by two armed robots. Also, these robots will need to be
accurate and dextrous. There have been earth-based need% for such robots in the past and much ra-
ba learned from their development.

2.0 TWO-ARMED ROBOTS ON EARTH
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Two areas of early two-armed robot development are within the nuclear industry and on submer-

sible work vehicles 1,2. In the case of the nuclear industry, considerations of radiatior hazards

required that numerous intricate tasks be performed without the direct use of human hands.

initially, this was accomplished through use of the un-powered (human-powered) master-slave maniou-

lator system. In this system, a near-remote pair of dextrous manipulators s operated through

mprhnical linkages by an operator whose own hands and forearms are encased in a si ilar set of
"master" manipulators. This system was successful for light tasks performed only a few feet away

from the operator. For heavier, more remote tasks, a power-boosted system was developed.
3

In undersea work, it is often advisable to perform complex and unstructered tasks with a suber-

sible work vehicle that is equipped with two or more manipulator arms. A third or "grappler" arm

may be used to hold firmly to the workpiece to deal with undersea currents. Thus the two dextrous

arms will be free for work functions. Underwater manipulator arms operate with certain disadvan-

tages. Water pressure on seals and joints would make manually operated arms hard to manipulA .

Thus remotely powered arms are almost mandatory. However, the worksite can be directly viewed from a

close distance, making control somewhat easier.

3.0 SPECIAL DEMANDS OF THE SPACE STATION

Some aspects of the Space Station (SS) have been rentior d earlier herein. There is a neec to

augment and amplify the work capabilities of a modest SS crew for tasks both inside and outside of

the habitat, However, it is not believed practical to achieve these goals throuh use of a fully

autonomous two-armed robot. Such a robot would likely need ,.o have a certain amount of mobility

such as along a rail, within a given work area. It is quite possible that an SS crew member would

nepd to be within the same module as the robot. The consequences of the m. functien of a ,ast,

oowerful robot under these circumstances may easily be imagined. Thus the consensus of NASA plan-

ners is that the first generation of space robots will be teleoperated types.

By definition, a teleoperated system involves a human in the contr 1 loop. 
As has just been

stated herein, this is a function of the need to avoid the hazards of a Fully autonomous mobile

robot. The question may arise "how can such an arrangement of one crew member per robot increase

the capability of the SS crew to perform tasks?" There are several answers to this question. For

example, the Space Station will feature an unpressurized module to receive and store propellants and

other hazardous materials. If this module was directly serviced by a space-suited crew member, the

work would be slow and cumbersome as well as hazardous. A teleoperated robot would be ideal for

such work,

Regarding crew amplification by use of teleoperated robots, this can be obtained 
by the addition

of intelligence to the teleoperator control system. in this manner, a library of instructions fo:*

the performance of common tasks or task elements can be developed. The operator can select tooling

and guide the robot manipulators to the precise worksite. Then the robot can be commanded to per-

form a pre-programmed task while the operator does something else, such as directing 
a second robot,

The ultimate of adding intelligence to teleoperated robots will occur when artificial intellb-

gence (expert systems) are incorporated into the control looP.4 With this capability, the robot can

locate the worksite and perform the classic"peg in hole" type of operation.

it should be obvious that advanced teleoperated robots will be costly items. However,

recent estimates of the cost of SS crew work time are that It will cost at least $20,000/hour. Thus

a generous "robot budget' is indicated, Another factor here is the decision to perform a variety nf

microgravity experiments aboard the space Sttonn,. This work will probably include limited ,,,anufac-

turn of products. it is now known that some of these operations will require microgravity accelc' t

tion environments of 10
6 G or less. it iT impossible for a human to work in close pr~ximity of such

low acceleration environments without disturuing them. Thus use of a specialized robot is mandat.id

here,

4.0 THE KADER DUAL-ARM ROBOT

The Kader Robotics Corporation (KRC) has been a sujpplier of custom robotics sytems to NASA f'o

several years. When the need for a two-armed space robot began to te defined, KRC designers con-

sidered the existing two-armed robot designs such as those in the nuclear and underwater servic'

industries described -trlier herein. If a single r Ibot is tr have two irdeoendent arms, they could

be mirror images of each other. as with the human body. \Alternatively, the two arms coulJ be 4don-

tir-fl, ,,ich simplifies bot desigr anH the stocking of qtiare parts. The KRC "dual-arm" :'nbot.

cept uses reither of jihese traditional approaches.
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The KRC dual-arm robot employs arms of unequal length wherein the waste joints rotate about a
common axis (Figure 1). This approach reduces P problem common to two-armed robots, namely
interence between the movement of the arms. Another advantage of unequal length arms is that the
shorter arm (secondary arm) can pass through the longer one (primary arm), thus allowing the secon-
dary arm to work above or below the primary one. This capability is better seen in Figure 2. The
U-shaped upper segment of the primary arm is open to passage by the secondary arm, which can be
shortened by employment of a telescoping forearm section.

4.1 METHODOLOGY OF DESIGN

A major consideration in the design of the KRC dual-arm robot was the anticipated end use in a
space vehicle or orbiting stalion. It was understood that the final hardware would have to be
lightweight, reliable, easy to service and repair and also highly versatile, given the wide variety
of anticipated tasks, both planned and unplanned.

Early attempts to formulate dual arm systems posed many problems, among which collision
avoidance and computational linearity were the most severe. Comparison and analysis of the arm
kinematics in real time, plus inverse kinematics and reaction dynamics posed massive problems. Some
analytical projection of the leading edge of the end effectors was predictable. However, when the
end effectors were made interchangable and the workpiene variables were introduced, it became
necessary to utilize additional sensory elements and to reduce the angular mechanics of the manipu-
lators.

One solution contributing toward reduced complexity in control algorithms and in corputational
linearity was the decision to eliminate the traditional elbow joint in the arm design. This is made

possible by substituting linear extension of the forearm. This design resulted in the eliminatio~n

of jerking during arm movement, a problem common to coventional "elbowed" manipulator arms.

The decision to have both arms rotate about a common base has advantages beyond collision
avoidance. For example, this concept reduces the amount of backlash and deflection as compared to
dual arms that do not have a common base. Other considerations to this line of tholght were to pre-
load all joints and to design structural members for minimal deflectior under load. This general
approach results in improved accuracy and repeatability of movement, which is very important when
performing dextrous tasks in a manner that mimics human capability.

4.2 VERIFICATION BY SIMULATION

The dual-arm manipulator concept-mechanics, by their nature add some complexity to the control
logic. Individual manipulator arm control can no longer be addressed as a simple single kinematic
envelope. Relationships of one manipulator to the other, and, in the case of the KRC dual-arm
robot, passage of he secondary arm, become control conderations. Kader Robotins Corporation
realized that the latest analytical tools should be employed to verify the operating concepts and

control mathematics for the dual-arm robot. Therefore, KRC funded a graduate student (11sueh Min

Chang) at the University of Alabama in Huntsville (UAH) to derive forward and backward kineti-s
equations for the advanced dual-arm manipu1ftor (ADAM) and demonstrate the operation o" the robot
on a color video screen.

The simulation of ADAM motion was developed Ps a C language program which was based nn the
method of coordinate transformation for describing robot kinemntics in the IRIS 3270 Graphics
System. IRIS is a registered trademark of Silicon Graphics Company, Mountain View, California
94034. Using this equipment, visual aids were developed that permitted viewing the motion of the
robot from different positions and anglet.. These include vietqs From the top, bottom, front,
hack, right and left sides, together with zoom capability. The color video dl'play of the motini o(
the ADAM arms served to verify the "cntrol equations as well as to demonstrate the unique feattire'
of this robot, including the ability to pass one arm throuch the other. With further developispt,
this simulation could serve as a t'aininq aid for future operators of KRC dual-arm robots.

4.3 TIlE ASTROBOT CONCEPT

This paper deals primarily with the use of the KRC dual-arm robot In a Space Station IVA
environment. This ;s not to say that the concept would not be eoually desir'ble to perform a wide
range of anticipated SS tasks within EVA. In fact, KRC has desigoed a 'ree-flying teleoperated
multi-a-m robotic vehicle to service the exterior of the Spae ation. Such a vehicle is, st'nwn in
r:u'nre S. ,t rould retr.ve sat:t% es :j well A perftirm a variatV of tRintonatlo and I 'pair
"ss. As such, it could %upplement fixed base SS FVA telortituits such as the Canadian Mnhile

v 'u ,ing System (CMSS) or the Human Orcupied Space Teleep,rat-r (HnlST). 5
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5.0 CONCLUSIONS

The KRC dual-arm rolbot concept offers the following advant~ages for use in Space Station IVA

operations:

o Compactness

o Versatility

o Simpi;'ied Control

c Accuracy ant!' Repeatability

This basic robot geometry can be used a major building block in an evolutionary space
teleoperator system that will initially require considerable human supervision but can later be
upgraded by the aldition of artificial intoelligence to greatly increase the work Output Of Space
Station crews. In this way, the huge financial investment it, the Space Station can be well-utilized
without the high cost and risk associated with the maintenance of large SS crews.
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ABSTRACT

In order to maintain a microgravity environment
during Space Station operations, it will be necessary to
minimize reaction forces. These mechanical forces will
typically occur during reboost, docking, equipment
operation, Intravehicular Activities (IVA) robot
operati'on, or crew activity. This paper focuses on those
disturbances created by an IVA robot and its impact on
the Space Station microgravity environment. The robot
dynamic analysis that was used to generate the forcing
function as the input into a finite element model of the
U. S. Laboratory will be shown. Acceleration levels were
determined through analysis and have shown that a robotic
system can sustain reaction forces into the station below
10-4 g. A comparison between IVA robot effects and crew
motion eifects on the low-g environment is also
described. It is concluded that robot trajectory shaping
and motor accelerations feedback can minimize reaction
forces.
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1.0 INTRODUCTION

- The development of a microgravity materials processing

capability within the Space Station United States Laboratory (USL)

will provide the United States and its partners the opportunity to

perform significant research leading to the Commercialization of

space processing. The major resource in space being the

microgravity environment, establishing and maintaining a low

gravity is a major requirement and dictates the placement of

mechanical equipment and the operational procedures in order to

minimize disturbances to such a facility. In order to manage and

sustain such an environment, a highly automated and tightly

timelined facility would be a v'iable solution. Also, because a

majority of the material processing experiments require crew

interaction, some form of automation and robotics will have to be

incorporated into the design of the space station to achieve this

requirement.

Teledyne Brown Engineering (TBE) is conducting a User Needs,

Benefit, and Integration Study under contract to the NASA Lewis

Research Center. A part of this effort was to quantify the

effects of microgravity manipulation in order to characterize the

attributes of the robot manipulator. Initially, an assessment of

Space Station user's automation and robotics needs was made in

order to identify user sensitivity to g-level and maximum robot

disturbance to the Space Station microgravity environment. Ground

rules and assumptions were developed in order to set the ground

work for the analysis and to have traceability. A kinematic and

dynamic model of a typical manipulator was then developed in order

to obtain a forcing function to be used as input to a Space

Station module NASTRAN model. The NASTRAN model was based on a

Space Station phase 1 configuration. Two load cases were examined

and the results presented in graphical form.
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2.0 IDENTIFICATION OF WORST CASE ROBOTIC MANIPULATION

Based on a survey of Space Station users' experiment operations

and an assessment of the level of robot manipulation (References 1

and 2), TBE identified two experiments that are feasible

candidates for robotic manipulation and represent two extremes of

disturbance.

Protein Crystal Growth was identified as a specimen handling

experiment that required less than 100 micro-g acceleration (<10-4

g). This crystal growing process produces a sample that must be

moved at very low accelerations. A robotic system would play an

important role in transferring the sample, which is grown in a

liquid, from the growth chamber to a characterization facility

without submitting the crystal to hydrodynamic forces that could

destroy the fragile structure.

The Large Bridgman Furnace (LBF) was identified as the specimen

handling experiment that would cause the greatest disturbance to

the Space Station microgravity environment during sample

changeout. A Large Bridgman experiment weighing approximately

1800 kg must be translated for sample removal. There is no low

acceleration requirements for this canister; however, if a robot

system were to move and/or manipulate this hardware, the potential

for large reaction forces into the station could effect the

quiescent environment needed by the microgravity experiments.

The Large Bridgeman Furnace Experiment as a worst case specimen

handling experiment was chosen to be analyzed in further detail.

3.0 GROUND RULES AND ASSUMPTIONS

The robot arm kinematic model was derived using inverse

kirematics (Reference 3) and assumed that the three wrist axes
[pitch (04), roll(0s), and yaw(06)] would be stationary during LBF

manipulation.
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The robot arm dynamic model was derived using Lagrangian

mechanics and was based on published information on dynamics of a

PUMA manipulator (References 4 and 5). Gravity load terms were

neglected due to operation in space and ignored inertia coupling

because of the assumption that the response time of the joint

servos decrease3 monotonically with increasing joint number.
Because the manipulator will operate at low speeds for safety

reasons, centripetal and coriolis forces were also neglected.

Masses and dimensions of the Space Station were obtained from

the Space Station Pressurized Volume Utilization Study (SSPVU)

(Reference 6). Also a detailed finite element model of the common
U.S. module was used to derive the physical properties of the

pressurized modules. This detailed module model was fixed at one

of its berthing mechanisms while unit axial, lateral, and

torsional loads were applied at the free end. The resulting

displacements provided beam equivalent component stiffness. These

values were then further factored by the module length and

material elastic modules to provide the equivalent cross sectional

area, moments of inertia, and torsional constants. All of the

pressurized elements except the nodes are assumed similar in

geometry and material composition and are, therefore, modeled as

NASTRAN BAR elements that use the equivalent element properties.

All pressurized element masses are assumed to be evenly

distributed along their respective longitudinal axes. Endcone

stiffness characteristics are covered by varying the berthing

mechanism stiffness.

While two basic types of mechanism (rigid and flexible) are

possible, it was assumed that "flexible" mechanisms would be

present for buildup/alignment purposes only. Thus, for this

study, it was assumed that the berthing mechanisms were "rigid."

The nodes are modeled differently from the other pressurized

elements. The radial berthing mechanisms on the nodes stiffens
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the node in the radial direction. These nodes are therefore

mcdeled as frames with a BAR element running along its

longitudinal axis and perpendicular BAR elements extending from

the node center to each radial port. The main longitudinal beam

elements are equivalent to those in the modules, while the radial

port beam elements are assumed to be twice as stiff in all

directions.

To correlate systematically the effects of Station

configuration a. . robot orientation with microgravity disturbances

inside the USL, the two load cases used the main truss and

interface truss models.

The Station configuration consists of the main truss, interface

truss, and the manned core arranged as shown in Figure 1. For the

robot load cases examined, the robot was located at grid points

126, 100, and 588.

Several factors influence the response of an experiment inside

the USL resulting from IVA robot activity. These factors include

1) Station mass, 2) Station center of gravity, 3) distance of

disturbance to center of gravity, 4) distance of experiment to

center of gravity, 5) Station mass moments of inertia, 6)

disturbance frequency, 7) local isolation, 8) structural damping,

and 9) berthing mechanism stiffness. The first six factors are

incorporated in the models. The effects of local isolation, either

at the disturbance or at the experiment, is not quantified in this

study. A proper active isolation system (with feed-back control

logic) would, however, tend to diminish the effects reported in

this study.

The inability to assign values to berthing mechanism stiffness

or the structural damping factor with an acceptable digree of

probability required the analysis to include a parameterization of

these variables.
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4.0 KINEMATIC ANALYSIS

In developing the equation of motion for the PUMA robot arm,

the first step was to set up the appropriate coordinate system at

each joint and at the base. In Figure 2 the PUMA arm is shown

with coordinate frames assigned to the links. The parameters are

shown in Table 1.

The A matrices for the PUMA arm are:

Cl 0 -Sl 0

S1  0 C1  0
A(1)

0 -1 0 0

0 0 0 1

C2 -S2 0 a2C2

S2  C2 0 a2S2
A2 - %2)

0 0 1 0

o 0 0 1

C3 0 S3 a3C3

S3 0 -C3 a3S3
A3 -(3)

0 1 0 d3

o 0 0 1

C4  0 -S4 0

S4 0 C4  0
A4 - (4)

0 -1 0 0

0 0 0 1
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C5  0 S5  0

S5 0 -C5 0
A5  (5)

0 1 0 0

o o 0 1

C6 -S6 0 0

A- = S6 C6 0 0
A6  =(6)

0 0 1 0

0 0 0 1

where St refers to sin(t) and Ct refers to cos(t)

In order to control the manipulator, we are interested in the

reverse problem, that is, given the x, y, and z coordinates of the

end effector, what are the corresponding joint coordinates?

We may first obtain T6 from the traditional approach to solve

the matrix equation:

T6 = A1 * A2 * A3 * A4 * A5 * A6 (7)

The inverse kinematic relations can then be derived for each joint

angle. The first joint angle is obtained by matrix equality for

the following equation:

A l * T6 - U2 = A2*A3*A 4*AS*A6 (8)

The value for 01 can be obtained by equating the 3,4 elements from

(8) resulting in

01 = tan -l(py/px) - tan-l{d3/(r2 -d32)1 2} (9)

where: r ± (px 2 + py2 )1/ 2  (10)
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The value for 03 can now be obtained by equating the 1,4 and

2,4 elements from (8) resulting in

03 = arc tan a3/-d4 - arc tan d/(e - d2)112 (11)

where: d f2i1p + f212p -d24 -a23 -a22

e 4a22a23 + 4a22d24

flip = Clpx + Sipy

fi2p = -Pz

The value for 02 can now be obtained by using the following A

matrices inverse and equating the 14 and 34 terms.

A3-1 * A2 -1 * A 1"I * T6 = U4 = A 4 * A5 * A6

02 can now be obtained:

02 0 023 - 03

where 023 = arctan (w2fIlp - wlpz) / (w1f lip + w2pz)

Wl = a2c3 + a3

w2 d4 + a2s3

5.0 DYNAMIC ANALYSZS

The simplified equations for the effective inertias as

described by Paul (Reference 4) were derived for the manipulator.

A discussion on the justification for elimination of inertia

coupling, centripital, and coriolis forces are discussed in

following paragraphs.

It was assumed that the response times of the joint servos

decrease monotonically with increasing joint number. The joints

then act in an uncoupled manner and it is not necessary to

calculate inertia coupling torques. Centripetal and coriolis

forces do not cause servo instability but only lead to position
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error offsets. These offsets occur at high speed, which will

normally not be the case for an IVA robot.

We are interested then in the effective joint inertias, while

ignoring gravity loading torques, due to the fact that operation

will be conducted under free fall conditions. In simplifying the

equations for inertias we will employ significance analysis. We
will drop as many terms as possible in the expression for the

inertias such that the final result is within 10% of the correct

value.

The joint inertias are functin-s of the masses of the links and

the radii oil gyration. Actual values for the masses and radii of

gyration can be cbtained through measurement by using the

functional form of the simplified equations we have obtained.
This can be done by driving various joints at given torques and

measuring the esulting accelerations for a number of different

configurations of the manipulator. The resulting set of equations

can then be solved for the masses and radii of gyration. We have

estimated values for these based on an examination of the

manipulator. This was primarily to determine those values which

could be realistically set to zero in order to simplify the

equations.

The dynamics equation for a manipulator may be obtained using

Lagrangian mechanics

Fi F Dijqj + Ilq4 + I Dijkqjqk + Di (15)

Where

Fi - torque or force acting at joint i

qi = ith joint variable
qi,qi - velocity a d acceleration, respectively, of joint

variable i.

Dii,Dij - effective inertia and couplin; inertia.
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While ignc ring all other forces exc. pt effective inertias,

equation Fj reduces to:

F= Di-!! Z mp {iif 2pzk2pXX + o2 pzk2 pyy 4 a2pzk 2 n.ZZ) +[d~

2 LPrP (Pdi x Pai)jI

The calculat.Lons of the inertia torques are obtained th:'ough

the use of homogeneous transformation A matrices for the arm and

were given in the kinematic analysis section equations (1)- (6),

and the radii of gyration k~p and elative link masses are given in

TabIes 2 and 3, respectively. Because we are only interested in

reaction forces at the base (joint 1) the .ffect inertia was found

to be:

DI= a + b + c + d

where:

a = (ml * klyy);

b - m2* {Ek2xx * (S *82)] + [2yy* (C2 C2)1
+ (a2 *a2) * (c2 *C2)]1
+ L2 * X2 a2 * (02 * C2)11

o - M3* {tksxx *(S23 * S23))
* [kz * (C23~ * C23))
* (W3*d3)
* 10a3 *a3) * (C2t 023)]
+ C (a2 *a2) * (02 C 2)]1
* (2 *a3 * a2 * 23 C 2)
*+2*z3* (a3*C23*323) + (a2* C2* S23)]11

d -masstotal4 * J tk4xx * (S23 *323) * (C4 * C 0]
+ [k4yy * (C23 * C23)]
+ [k4z2 , * (S23 * 323) * (S4 SO3)

(d 3 *d3)
+ C(d4 * 23) + (a3 * 023) + (a2 *C2))

C W(4 * 23) + (a3 * CZ3) + (a2 C 2)]
- (2*y4) W ~4 S 23) + (a3 * 023) + (a? c 2) 3 233)
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masstotal4 = mass of link 4 plus the payload (which is the
LBF).

It was assumed that joints 5 and 6 remained fixed during
manipulation of this large mass and, therefore, terias D66 and D55

were ignorei.

6.0 NASTRAN MODEL

The Space Station finite element model f-Dm Reference 6 was

executed on a VAX 11/780 computer. The NASTRAN model that was
used in Lhis analysis was based on Space Station configuration 1
using a transient forcing function input developed by a robot arm

and crr-w member

The mass properties for configuration 1 are given in Table 4.

The total mas- of the Sta ,on is approxin.ately 150,000 kg th the
ce': er of gravity Iccated within node 2.

The sixth flexible mode (f12) involves a significant rigid body

rotation of the manned core. The larger inertial mass resisting
the rotation accounts for the lower frequencies for the

configurations with the Life Science Module. The first mcde in

which th module cluster participates is approximately 2.0 Hz for
the 100% and 50% berthing mechanisms stiffness cases, and 1.6 Hz

for the 10% case. These values are well above the operating

ranges of the robot indicating hat the manned core will tend to

behave as a rigid body during robot manipulation.

The fundamental frequency of the Station is 0.622 Hz, which

falls within the lower region of the entire operating range of the

IVA -3bot during the initial analysis. For the Robot arm

manipulation bel:w this frequency, the entire Station exhibits a

rigid body mode of response.
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7.0 LOAD CASES

The load cases of both a robot arm and a crew member

manipulating the LBF were evaluated. In the case of the robot arm

manipulating the IBF, we looked at three different path

trajectories. Thea consisted cf planar motion in purely x, purely

y, and through all three planes. In the case of crew

manipulation, we assumed that the furnace was moving at a velocity

of 0.154 m and the facility came to a stop by a crew applying an

opposing force coupled between himself and the Space Station.

The effects of structural damping are significant only when the

disturbance frequency coincides with a natural frequency of the

station. Structural damping will reduce the amplituda of the

response to the disturbance in the neighborhood of these natural

frequencies. The IVA robot operates from 0.004 g to 1.3 x 10-6 g,

and its corresponding operating frequencies lie between 0 Hz and

0.743 Hz (see Section 2.4). The Station configuration contains

natural frequencies down to 0.622 Hz. This means that the

structural damping factor plays an important part in the amplitude

cf the disturbance at the higher operating frequencies of the IVA

robot.

The Space Station berthing mechanisms represent the primary

load path for disturbance transfer from one Station element to

another. Because of this, their stiffness characteristics are

significant factors in experiment excitation response. Berthing

mechanism stiffness data were not readily available, nor were

there sufficient data to calculate accurate stiffness values.

Consequently, a range of values (100s, 50%, and 10% of the module

stiffness) was chosen that would cover the 4ctual stiffness when

its design is more clearly defined. These values were applied

parametrically to each of the Station configurations and their

respective load cases.
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8.0 RESULTS

The transient response analysis was performed using the forcing

function generated by the robot arm manipulating the LBF. The

forcing function was input into the Space Station NASTRAN model to

obtain a dynamic response in association with acceleration

disturbances throughout the USL.

The robot arm forcing function was developed by giving the

kinematic model starting and end points in x-y-z coordinates of

the trajectory and the required velocity. The dynamic model

program then calculated time and acceleration to colplete the

task. Joint motor accelerations were then calculated, which

resulted in reaction forces at the base of the robot. The forcing

function generated at the base of the robot by purely x and y

planar motions of the end effector are shown in Figures 3a and 3b,

respectively. A third trajectory was developed using an end

effector trajectozy through all three planes and resulting forcing

function shown in Figure 3c.

Purely x and purely y forcing functions were then input into

the Space Station NASTRAN model with the results of the accelera-

tion disturbances shown in Figutes 4a, 4b, 4c, 4d, 5a, 5b, 5c, and

5d for the first two cases mentioned above at grid points ot

interest.

Another forcing function case was then generated using a shape

optimal trajectory to represent a more sinusoidal function, which

resulted in a disLurbances to the station at an acceptable level

for experiment operation as shown in Figures 6a and 6b.

Figures 7a, 7b, 7c, and 7d illustrate the effects of the crew

50 lbf forcing function applied at grid point 126 over a period of

three econds to bring the LBF to rest. It can be seen that the

level of disturbance seen by the station after the force is

applied does not exceed 15 micro-g's (15 x 10-6).
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Based on these results it is apparent there is two different

frequency responses spectrums. A relative constant low frequency

response around 0.70 Hz was generated from all the forcing

functions, which is just above the Space Station fundamental

frequency (0.623 Hz)

The sinusoidal forcing function generates a variable frequency

response which is a function of the magnitude of the forcing

function input. This response produces a lower frequency which

decreases with decreasing force amplitude.

The results also show that the microgravity acceleration

response levels range from 1.3 micro-g's to 0.004 G's and are a

function of profile and method of disturbance input to the NASTRAN

model.

The forcing functions applied in these cases assumed no type of

isolation system at the base of the robot arm. This produces
accelerations ana displacements to the space station of much

greater magnitude that would probably actually been seen in the

operational Space Station configuration. So when taking into
account the stiffness of robot mounting hardware to the Space

Station, preliminary results have shown that robot manipulation g-

level disturbances decrease as much as 100 times.

9.0 CONCLUSIONS AND RECOMMNDATIONS

Based on reaction forces from the robot base torques, the robot

should not operate as a Zunction of end effector velocity but on

base torque measurements. The disturbances generated by the robot

when the end effector maintained a certain velocity exceeded the

microgravity envelope desired. A sinusoidal forcing function

comparable in magnitude resulted in almost two orders of magnitude

less acceleration disturbance. This implies that the robot should
not necessarily take a straight line trajectory, but a shaped

optimal trajectory that would minimize reaction forces at the
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base, given efficient space. It is also suggested that the robot

controller transfer function should use motor acceleration

feedback and mass distribution as the feedback paramaters instead

of a function of end effector velocity for the case studied.
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TABLE 1. Link Parameters

LINK 1 I VARIABLE c< a d

1 e 1 -90 0 0
2 02 0 a2  0
3 .3 90 a3  d5

a_ - 17.000 a3 - .75
- 4.937 d4 = -17.00

TABLE 2. Radii Of Gyration

Link k 2 ) 2 Cm1) k
2 ~ 2c

1 451 451 57.9

2 565.7 1847 1408

3 672.8 079.1 36

TABLE 3. Relative Link Ma.. and First Momenta

Link Plato Area T (cm) 7 (cm) Relative Mss
= c 

)  - o ) ""( T (cm )

1 1910 0 0 8 33.5

2 4408 -21.0 0 21.75 77.3

3 2070 0 0 21.6 36,3

TABLE 4. Space Stlon lses PoWf

Property

MASS t,45E*05

lut 1,196.07

Ivy i,4E*07

taxz 2.47607

a co 1.101

Ift 2.M6

goo .512
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ABSTRACT

This paper will address the need for an automated Protein
Crystal Growth experiment on the Space Station and how robotics
will be integrated into the system design. This automated
laboratory system will enable several hundred protein crystals
to grow simultaneously in microgravity and will allow the major
variables in protein crystal growth to be monitored and con-
trolled during the experiment. Growing good quality crystals
is important in determining the complete structure of the protein
by X-Ray Diffraction. This information is useful in the research
and development of new medicines and other important medical and
biotechnological products.

Previous Protein Crystal Growth Shuttle experiments 'indicate
that the microgravity environment of space allows larger crystals
of higher quality to be grown, as compared to the same crystals
grown on the ground. It is therefore important to have a lab-
oratory in space where protein crystals can be grown under care-
fully controlled conditions so that a crystal type can be
reproduced as needed.

1.0 INTRODUCTION

Proteins are found in all living tissue. Knowing the structure of certain pro-
teins is important in the research and development programs of the medical and other

biotechnical fields. Figure 1 shows the protein, Canavalin, in solution.

Once a protein crystal is formed, its structure is determined by X-Ray Diffrac-

tion, thus growing good quality crystals is important in this process. Crystals

grown in a ground based laboratory are affected by convection currents in the pro-

tein droplet produced by gravitational fields. These convective currents can be

controlled under microgravity conditions.
1

Preliminary studies indicate that microgravity can improve crystal homogeneity

and decrease the number of defects in crsytals. An experiment that flew on Space-

lab 1 by Littke and John showed that space grown protein crystals are considerably

1. Bugg, Charles E., DeLucas, Lawrence J., and Suddath, F. L., "Preliminary Inves-
tigations of Protein Crystal Growth Using the Space Shuttle," University of
Alabama in Birmingham, 1985.
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Figure 1. Canavalin Protein Crystals in Solution

larger than crystals grown under the same conditions on the ground.2 Since Spacelab

1, a hand-held protein crystal growth facility was flown in April, 1985, which pro-

duced the largest, highest quality crystals grown thus far.3  These results have

only strengthened the belief that major benefits can be gained from growing protein

crystals in microgravity.

1.1 Techniques for Growing Protein Crystals

There are several techniques of growing protein crystals. They are listed as

follows:

1. Vapor Diffusion - "1Prnging Drop Method" - Water vapor is transported from

a protein droplet (20 iiL) by difference in vapor pressure when the drop is placed

close to a larger volume of precipitant solution (2 mL). As the water evaporates

the protein concentration increases initiating the formation of a crystal.

"Sandwich Method" - A chamber is divided into three

sections by two semi-permeable plates. The protein droplet is placed between the

two places with air on one side and precipitant solution on the other side.

2. Liquid Diffusion - The protein and precipitant solutions are brought into

contact with each other and are allowed to mix by diffusion.

2. Littke, W. and John, C., "Protein Single Crystal Growth Under Microgravity,"
Science, 225, 1984, pp. 203-204.

3. Bosarge, James (Editor), "UAB News Release," University of Alabama in Birmingham,

May 1985.
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3. Dialysis Method - The protein solution in placed within a bag made of a
diitlya8 membrane. This bag is placed in a precipitant solution where movement of
Ohu 1)rcipitating agont through the membrane initiates the crystal formation.

Cu'rently, the most popular method is the "flanging Drop" method. All existing
halrdwaro for microgravity experiments is designed for this method, because it has

tho largest ground laboratory data base.

1.2 The Protein Crystal Growth Experiment

The Protein Crystal Growth Experiment is divided into four phaseR. Development

oi the experiment hardware began as a simple hand-held unit and has evolved to the

proposed Space Station facility.

1. Phase I - In this first phase, a basic experiment was set up, mainly to

demonstrate whether or not growing protein crystals in microgravity produced crys-

tals of larger size and higher quality. The experiment was housed in a small, hand-

held device containing vapor diffusion growth chambers where a protein droplet was

placed on a pedestal within the chamber and monitored periodically. Figure 2 shows

this unit which was flown on the Shuttle four times.4 In this experiment, the pro-

tein and precipitant solutions were pre-mixed and late-loaded into the Shuttle

twenty-four (24) hours before launch. The samples were hand deployed by the astro-

naut in a non-controlled thermal environment, and photographs were taken periodic-
ally during the experiment. The crystals grown during this Shuttle mission did
prove to be larger in size and of higher quality than their ground-based counter-
parts. The first Shuttle flight of this experiment was on April 12, 1985.

Figure 2. Phase I Protein Crystal Growth Flight Hardware

4. Herrmann, F. T., "Advanced Protein Crystal Growth Flight Hardware for the Space
Station," AIAA, 1988.
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. Phase 11 - fased on the results of Phase 1, the same basic hardware design
is ustd, but now the samples are kept in a thermally controlled refrigerator/

incubator. Also. tho protein and precipitant solutions are kept in separate cham-
beti usinq a double-barreled syringe and are deployed by a ganged mechanism that
will z4.tultanoously uncap and deploy twenty (20) samples. Figure 3 shows the
detais of one of tho trays that holds the growth chambers. 4 To monitor and take
photographs of the protein crystals during the experiment, the astronaut has to

manually pull the tray out, causing vibration to the chambers which may jeopardize

the growth development of some crystals. The launch date for this Phase II hard-
ware is To Be Determined.

Figure 3. Phase II Protein Crystal Growth Flight Hardware

3. Phase III - In this phase, an additional numer of growth chamers will be

added to the trays of the Phase iI hardware. Results of the Phase II launches will

be incorporated into the Phase III hardware development.

4. Phse Iv - Phase IV is an automated system which allows the protein and

precipitant solutions to be loaded separately. Once the experiment is started,

these solutions are autoatically mixed and dispensed into individual growth cham-

bers. Thee chamers are housed in trays that are mounted to the walls of a Space-

lab double rack. Each tray will be kept at a certain temperature as specified by

the experimenter. Each chamber will be monitored periodically using microscopic

video (Imgng) and some or all of the following desired monitoring techniques:
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refractive index, UV absorption, laser light scattering, and pH measurement. All

monitoring must be done without disturbing the protein drop and will be the biggest

drivor for the final experiment design. The automated system is designed for Space-

lab with transition to Space Station. Figure 4 shows one concept of a Phase IV

system. A detailed conceptual study was performed, and the results of that study
will bo covered in this section. 5

THERMAL SUBSYSTEM IMAGE PROCESSOR

MONITORING CONTROL
SUBSYSTEM SUBSYSTEM

A-DID-A WORM STORAGECONVERTORS

MONITORING
ACCESSORIES r7

MONIO

ROBOTICS MASS
PC GROWTH CONTROLLER STORAGE
CHAMBERS
CAROUSEL -- R

MACHINE INTELLIGENCE

ROBOTICSIFLUID
HANDLING SYSTEM

PCG
STOCK
SOLUTIONB"

Figure 4. Advanced Protein Crystal Growth Facility Concept Shown in
Two (2) Space Station Double Racks

The preliminary science requirements of the advanced Space Station crystal

growth facility are:

1. After Low-G is obtained, the protein and precipitant solutions are mixed.

2. Protein droplets are then dispensed into appropriate chambers.

3. Several hundred chambers operate simultaneously with the flexibility of

dynamically changing growth conditions.

4. Monitor crystal formation periodically as specified by the experimenter.

5. Stop crystal growth at appropriate time with a quench solution and store

crystal for analysis on the ground.

5. Herrmann, M. C., Strider, D., Philips, A., Tucker, S., Horan, C., and Blevins,
H., "A Concept for a Fully Automated Laboratory for Spacelab/Space Station,"
Marshall Space Flight Center, 198V.
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There are several monitoring techniques desired in this experiment. Some

require the development or application of new technology and are being studied by

several groups under contract. Below is a list oi! these techniques,

1. Microscopic video of the protein drop.
2. pH measurement of the drop,

3. Refractive index to measure salt concentration of drop.

4. UV absorption to determine how much protein is in drop.

5. Laser light scattering to study nucleation in the drop.

6. Temperature measurement.

The Advanced Protein Crystal Growth Facility is a sophisticated microgravity

laboratory which has high potential for utilizing state-of-the-art robotics and

automation. One example of this is in the mixing of the precipitant and protein

solutions in orbit. Two methods considered in the preliminary study are a fluid

handling system that would prepare samples and pump the microliter quantities

through tubing to the appropriate growth chamber, and a robot emulating man in the

laboratory using syringes for mixing and deploying solutions. It is generally felt

that a hybrid system using fluid handling and robotics will yield the best results.

A lot has been said about the growth chamber that houses each protein droplet

during the experiment. The chamber design will be greatly affected by the results

of the monitoring technique studies. Figure 5 shows the evolution of the growth

chamber proposed in the conceptual design study. The chamber is designed to be

robot friendly while remaining flexible for changing experiment requirements.
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Figure 5. Evolution of the Protein Crystal Growth Chamber
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One question that was addressed during the preliminary design study wan should

it be rartially or fully man-tended. The study recommended that the advanced facil-
ity should be fully automated with minimal crew interaction. The reasons for this

eonvlusion arel

1. Space Station crew members have a limited amount of time per experiment.

2. The complexity of the experiment with hundreds of samples running simul-

taneously lends itself to automation.

3. Could set a precedent for other advanced laboratories in space.

4. Opens the door for use of telescience where the experiment can control the

experiment from the ground.

1.3 Summary

Protein Crystal Growth experiments previously flown on the Shuttle have clearly

demonstrated the benefits microgravity has on the size and quality of the crystals,

thus, enabling good definition of the protein structure by X-Ray Diffraction so

researchers in the medical and other biotechnical fields can use this information

to benefit mankind.

There is also a need for an advanced laboratory 6n the Space Station to grow

protein crystals under a tightly controlled environment which will enable repro-

ducibility of a crystal when needed. This facility is a natural candidate for

development of a highly sophisticated automatic lab system utilizing new and

innovative technology.
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ABSTRACT

This paper is a brief overview of MICOM's
Battlefield Robotics activities. It includes a
description of the Army battlefield robotics tasks,
and a list of robotics missions and examples. There
is a discussion of the existing robotic programs from
which technical requirements have been derived. The
paper presents a hierarchy of battlefield robotics
and discusses the technical barriers associated with
this progression. In summary, the challenges facing
Government, Industry and Academia are presented.

The AMC community (led by the Human Engineering Laboratory

(HEL)) began efforts in late 1980 to determine how robotics could

be used on the battlefield of the future. This paper contributes

to and expands that discussion through an integration of

concepts, setting the stage for new discussion and thought in the

emerging field of Automation and Robotics (A&R). Robot missions

will be described and related to specific mission areas.

Specific examples of efforts employing robotic concepts and

techniques that could accomplish certain robotic missions are

described. The User's rather than the developers point of view

is employed.
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Technical requirements for battlefield robots are complex

and challenging, but nut imp )ssible. A hierarchy of battlefield

robots exists whici describes re.uired capabilities and benefits
to be gained from the intrcduction of robots onto tne
battlefield. Current Lechn al limitations will result in years
of evolutionary growth of robotic capabilities. In this light,

challenges exist for the Government, Industry and Acad,.Aa.

Three major tasks must be accomplished on the integrated
battle ield: decide, detect and deliver (Figure 1. - all figures

and *.Dles can be found at the end of this report). Commanders
must decide which major targets or complexes to attack, the
targets must be found and finally destroyed or rendered

ineffective. Smart Munitions (SM) are only one example of a
lethal mechanism for implementing these tasks. Robotic ,-' .sions
can be perforated in all mission areas including non-b :tlefiKi
tasks such as manufacturing, training, and logistics. avings can
thus be gained in investments, support costs, and personnel. For
the purpose of this paper however, these topics will be limited

to the discussion of battlefield robotics.

Figure 2., relates tse three mission areas of th Army,
Combat Arms, Combat Support, and Combat Service Suppc ,, to their
respective missiorz. Notice that many of the aissions in each
mission area are the same. This allows for system modul.arity and

for concepts to serve multiple mission areas; thus providinc an
advantage both tactically on the battlefield and in financial
savings. Shown in boxes, are those missions waich currently h;xve

congressional restrictions-.

"The conferees agree that development and demonstratioi

of the Tactical Robotics Vehicle may be continued only
as they relate to the role of that vehicle limited to

reconnaissance. No funds provided for the fiscal year

1988 and 1989 are to be used for development of the
vehicle as a weapons platform or carrier."
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Currently efforts are being made by the Army Material Command

(AMC) and the Training and Doctrine Command (TRADOC) to remove

these restrictions. Related non-battlefield tasks are shown at

the bottom of Figure 2.

Examples where robotic concepts have been incorporated into

military systems can be found in many programs being developed at

MICOM. The Fiber Optic Guided Missile System (FOG-M), shown in

Figure 3., has a remote control capability and the ability to
visually receive in real time battlefield conditions and other

feedbacks. The operator then uses this information to perform

antiarmor and anti-helicopter missions. Figure 4., shows a

variety of remotely controlled Unmanned Aerial Vehicles (UAV),

which are used to perform surveillance tasks and other combat

missions.

Not shown, are the Precision Deep Attack Missile System
(PDAMS) and the Teleoperated Mobile Platform (TMP). PDAMS is a

technology base program with the goal of solving tho very

difficult tasks of finding tactical ballistic missiles and

destroying them before, not after firing. The PDAMS concept

involves ground station guidance and control of an aerial
subsystem and its constituent submunitions by means of an

integrated radio frequency (RF)/fiber optic data link.

TMP is a robotics system, which consists of a ground mobile,

teleoperated, remotely controlled platform; a fiber optic/RF

backup communication link; and, a manportable control unit. With

this system, tle operator can remain ioncealed while remotely

maneuver the platform to perform reconnaissance and surveillance

missions (three other papars were presented on this program and

can be found elsewhere in these proceedings). With the immediate

demand for new systems to evolve, developers must not attempt to

do too much too soon. Such was the case with the Aquila program

in which too many missions were designed into the system.
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Table 1., outlines current Army programs which are active

and have a draft or approved Organizational and Operational (O&O)

Plan (or other requirement documents). Many programs apply to

more than one missiun area. This will provide significant

leverage for the Government and both commercial and defense

industries.

One caution to be made here is the tendency to ignore the

human aspects that cannot be replaced by a robot, but which are
very important to the success and survival of humans on the

battlefield. For instance in the case of robotic ambulances,

using a robot to transport injured soldiers is not enough. Many
times what keeps a soldier alive is knowing there is another

human there who is going to take care of him. Research and

development must be performed with human aspects in mind. There

are other requirements to consider in the development of military

robotic systems, as shown in Figure 5.

Most of the robotic concepts are evolving to a family of

robots: different size aerial and ground robots which are

specifically designed to perform certain missions. Some of these

systems will need to be expendable in the sense that they are low

cost and consist of expendable technology (i.e., technology the
Army can afford to lose to the enemy, if the device is captured).

Vehicles with low signatures implies minimizing audio as well as
visual signatures. Light weight power sources are needed for

long duration missions. Data links need to be secure. Not only
do they need to be jam proof, but in the case of fiber optic

links they need to be robust, have low visibility, and be able to
survive on the battlefield for extended periods.

Some of these requirements are beyond our current

capabilities but do provide a blueprint for the future. These

requirements suggest a "Hierarchy of Battlefield Robots," at
least as a think piece to challenge thoughts and present

perspectives of robotic applications. This Hierarchy consists of
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teleoperated robots, telepresent robots, semi-autonomous robots,
and autonomous robots. Presently, tele~perated robots are the
state-of-the-art, with telepresent robots emerging within the
next 3 to 5 years. Semi-autonomous/Autonomous robots are long

term efforts which will come of age over the next 10 to 15 years.

The teleoperated robot, pictorially represented in figure
6., is basically a first generation robot as far as battlefield

robots are concerned, but still provides a good capability
especially as an indirect fire (over-the-hill) weapon and a
surveillance means. It provides a good soldier surrogate to
perform high risk tasks. However, low cost, secure links and

limited man-machine interface are near term technical limitations
which must be overcome.

The next step is the teleprosent robot represented in figure
7.; one which gives the operator some sense of "being their."

This gives the operator P better capability to react to

battlefield situations, such as widely varying terrain. The
major technical barriers associated with telepresence are
multiple sensor fusion and kinesthetic operator feedback. This

class of robots will give us a reasonable tactical surrogate.

The semi-autonomous robot represented in figure 8. provides
a major leap towards force multiplication. The operator becomes

a manager of many robots and only needs to react to certain cues
when the robot becomes confused. In fact the operator functions
similar to the way a platoon leader does now. The technical

barriers are not insignificant and may take as many as 10 years
to solve. A Low signature Is required to provide survivability.

Rule generation is required to ensure the robot can react to the

changing tactical situation. In many cases, these robots will be

able to perform some limited platoon level functions.
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The implementation of autonomous robots, illustrated in

figure 9., will require a major change in Army doctrine, tactics

and organization. An autonomous robot will provide a soldier

surrogate capable of tactical creativity. If one stretches his

imagination you can conceive of robots performing company level

tasks. The technical barriers seem overwhelming in light of the

change necessary to overcome the natural resistance to

significant machine innovations which also cause major

organizational change. There are three major technical barriers

are: 1) application of artificial intelligence techniques, 2)

costs, and 3) robot predictability and trustworthiness. The last

may be industry's and Government's most significant task - not

because of the technical barriers, but because of the cultural

barriers. Developers will face a difficult tasks in convincing

the soldier that he can be replaced. That instead of leading a

platoon into battle, he now becomes a manager of robots.

Battlefield commander's must be convinced they have absolute

control of the actions taken by robots, particularly for

engagement applications. However, if these barriers can be

overcome, true force multiplication and soldier survivability

will be achieved.

in summary, this paper has addressed a robotics progression

(reference Figure 10.). Each step will provide more capability,

but only after solutions to the major barriers are found. As

these barriers are eliminated, robotic use on the battlefield is

limited only by one's imagination and creativity. It will be

possible to move from a soldier surrogate capable of rerforming

high risk tasks, to companies of robots performing major

organizational tasks.

The Government must continue to refine the Robotics Master

Plan, gain acceptance of the concepts in the service, and apply

the necessary resources to accomplish the Plan. Industry must

apply engineering tasks associated with available and emerging
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technology to robotics which can make a difference on the
battlefield. These applications must also have application to
commercial industry if costs are to be reduced to a reasonable
level. Academia must continue to advance the fundamentals of
science and technology associated with the technical barriers,
especially the software techniques needed to solve the artificial

intelligence problem.

Hopefully, these thoughts have provided the stimulus
necessary for creative minds to develop solutions to the problems
surrounding this technology. The field of robotics is being used
in a limited way now and the future seems bright for increased
utility on the battlefield of tomorrow.

-- BATTLEFIELD TASKS
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BATTLEFIELD ROBOTIC MISSIONS
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FIGURlE 4. UAV
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FIGURE 5.* TECHNICAL REQUIREMENTS
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TELEOPERATED ROBOT]
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FIGURE 6. TELEOPERATED ROBOT

TELEPRESENT ROBT

0 MOBILETEHIA ARAS

* OPERATOR DIRECTED 0 MULTIPLE SENSOR FUSION

* OPRATO EIW~hY(1110 ENGINEE RING)

* KINESTRETIC FEEDBACK

* MAIRMULAWlE

* EKTEW4RIVE SENSORS

0 S~F4W INVEGRAYION

I:.:~~ WuSICAEASED OPERATOR AWARENESS

, 0 SENSE 0F ACTUAL R. 60 A CTIONS

0 MORL RESPONSIVE TO ENVIRONMENT

FIGURE 7. TELEPRESENT ROBOT
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FIGURE 10. ROBOTIC PROGRESSION

RlOBOTIC MISSIONS/PROGPAMS MATRIX
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AIIRT11SO44t fliP, AFAS WA
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SLNaiRVoUlZNPIthIEIA IMP. RsSS IM WA
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S**pfttVSIwAWTI1 Imp WA UNOCw UAV

TABLE 1. ROBOTIC MISSIONS/PROGRAMS MATRIX

81



THIS PAGE INTENTIONALLY BLANK

82



Presented at the Conference on Space and Military
Applications of Automation and Robotics

21-22 June 1988 GACIAC PR 88-02

TMAP - THE ARMY'S NEAR TERM ENTREE

TO BATTLEFIELD ROBOTICS

May 1988

Richard K. Simmons
Maxtin Marietta Aero & Naval Systems

Baltimore, Maryland

ABSTRACT

TMAP is a remotely operated battlefield system consisting of a 750-pound
all terrain vehicle, remotely operated by a soldier over a fiber optic
communication link 4 km long. Using state-of-the-art automation and robotic
technology, Martin Marietta Aero & Naval Systems is developing a modular
prototype system under contract to Sandia National Laboratories. The Army
Mater!el Deve'oper is the Missile Command (MICOM) at Huntsville, Alabama; thn
Combat Developer is the Infantry School (USAIS) at Ft. Benning, Georgia. With
the weapons removed by Congress in December 1987, the 0 & 0 is being
rewritten for a "Tactical Multipurpose Automated Platform" (THAP) instead of
the original Teleoperated Mobile Antiarmor Platform. With minimal
modification, the modular TAP system can be used in many applications (e.g.,
antiarmor or antiair weapons, mine detection, medical support). System
acceptance testing and Army evaluation testing are scheduled for summer and

fall of 1988.

1.0 INTRODUCTION

TMAP was conceived by the Army in 1985 as an approach for utilizing

state-of-the-art automation technology to protect humans from the hazardous

battlefield environment while allowing them to maintain control of weapons

(see Figure 1). This excellent idea evolved into two industry contracts to

develop prototype systems for evaluation.

Copyright 1988
Richard K. Simmons
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FIGURE 1: THE WEAPON SYSTEM OPERATOR IS REMOVED FROM
HIGHLY LETHAL ENVIRONMENTS USING ROBOTICS
TECHNOLOGY



The original idea incorporated weapons and sensors to determine if an

effective, remotely operated antiarmor weapon and surveillance system could be

developed using a small, all-terrain vehicle.

. The Teleoperated Mobile Antiarmor Platform (TMAP) was well along in

development in December 1987 :bhen the language in the FY 1988 appropriations

bill removed the weapons from the platfomn. The Infantry School initiated a

iew requirements document, the 0 & 0 plan, calling for development of a

"Tactical Multipurpose Automated Platform." This change was easily

accomplished by Martin Marietta and the resulting state-of-the-art, remotely

operated, automatic modular system with a laser designator as its first

modular payload will be acceptance tested in August 1988. In May 1988, Martin

Marietta was awarded a test support contract for training, test equipment, and

spares to support the Army's TMAP evaluation testing at Ft. Benning in the

fall of 1988.

This development program Las adapted many existing components and

advanced the state of the art in other areas to provide a very capable,

flexible, and evolvable system for Army evaluation. It will be a useful tool

for determining the utility of automation and robotic technology in redressing

the balance of forces, which currently favors the Soviets. The system

described in this paper is readily adaptable to a variety of missions,

including the original anitarmor mission.

2.0 THAP PROGRAM

In July 197, Martin Marietta :ro & Naval Systems received a $2.65

million, 14-month contract to develop a prototype Teleoperated Mobile

Antiarmor Platform. The contract came from Sandia National Laboratories in

Albuquerque, New Mexico, with Dr. James Kelsey as Program Manager. The

Materiel Developer is the Army Missile Command (MICOM) in Huntsville, Alabama,

under the direction of Dr. Johnny Prater. The Combat Developer is the

Infantry School (USAIS) at Ft. Benning, Georgia.

In the original concept, TMAP included an all-terrain vehicle with

antiarmor weapons, cameras, and other sensors remotely controlled by an

infantryman over a fiber optic link. The soldier would detect and identify

enemy armored vehicles and engage in direct fire with them while remaining

completely hidden.
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The objectives of this prototype program were to (1) develop, design, and

fabricate the smallest, lowest cost, lowest weight TMAP system possible which

would effectively demonstrate an antiarmor capability, (2) reduce technical

risks to an acceptable level for entering Full Scale Development (FSD), and

(3) provide adequate supporting data for cost and operational effectiveness

assessment prior to the FSD decision. In addition, the TMAP prototype was

intended to be a tool to support 0 & 0 and ROC development.

Specific goals of the current program are to provide a system that is

simple to operate and maintain, reduces force structure demands, is safe and

hazard free, and can be field demonstrated to prove its utility. Components

not in the military system are acceptable, but MIL SPEC equipment is to be

used wherever possible.

Mission capability was to include typical infantry antiarmor and scout

missions with future supplementary capability for NBC surveys, listening

post/outpost (LP/OP), artillery forward observer/designator, and battle damage

assessment.

The technical requirements defined a listening mode in which platform

noise was not to be detectable at 50 meters against a background noise level

of 20 dB (10 dB desired). The platform was to be capable of remairing in this

mode for 12 hours (72 hours desired). The overall vehicle weight was not to

exceed 370 kg; the operator control unit (OCU) was not to exceed 16 kg; and

the OCU power supply was not to exceed 16 kg.

3.0 TAP SYSTEM

THAP is composed of the plattorm, a man-portable operator control unit

(OCU), and the OCU power supply. These are shown in Figure 2. The vehicle is

shown configured with the Laser Designator mission module.

The primary communication link is fiber optics (FO). A 4-km FO cable,

played out as the vehicle travels, connects the platform with the OCU. A

backup radio frequency (RF) link is also provided.

In a TMAP mission in which the operator selects a site from which to

operate and then drives the platform to a remote location, the key elements of

operation include: receiving the mission requirements, planning the mission
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FIGURlE 2: THE TMAP SYSTEM
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and the route, setting up the platform and the OCU, driving and navigating the

platform from the known point with navigation updates, positioning the

platform for mission accomplishment, and returning the )latform to the

starting point.

The OCU and OCU power supply are set up as shown in Figure 2. Then,

using the target camera and laser range finder, the operator obtains range and

bearing to several landmarks from the vehicle's initial position. This

information is entered into memory. 8'.aral key positions (way points) along

the planned route are also entered using military map coordinates, and these

data (initial position and way points) are displayed on the OCU's liquid

crystal display.

The platform is driven along the planned route using the driving camera

display on the CRT monitor. In this mode, the operatur sees a cue on the

video monitor that shows him the direction he should be moving to reach the

next way point. The platform's line of travel Is also continuously updated by

the on-board dead reckoning navigation system and displayed on the LCD.

Periodically, the operator stops the platform and gets an accurate position

update by re-sighting the landmarks previously located. A display of the

expected bearing and distance to the landmarks from the platform's new

position helps the operator find the landmarks. The operator also takes

sightins on new landmarks further along his route. This procedure augments

the dead reckoning system to provide the required navigational accuracy.

For a reconnaissance mission, the route would be in rosette pattern and

the platform would end up back at its starting position. If an overwatch is

to be established, the platform is driven to the desired location and

positioned. An initial visual surveillance is then made using both driving

and sighting cameras. For long-term surveillance, the system is put into its

low-power, listening mode using the acoustic system for automatic warning

(alert), allowing the operator to eat, sleep, or perform other duties.

In the listening mode, the acoustic system continuously monitors and will

warn the operator of the presence of personnel or vehicles. With such a

warning, the operator can obtain further acoustic identification and location

information usins the headphones before he powers up the system to visually

survey the area. If enemy vehicles are in view he can sight on them with the

sighting/aiming camera (day or night) and target them with the laser
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designator. In the original weapon-mounted configuration he would track the

target (either manually or automatically), range with the ranging laser, and

after a firing solution has been computed, fire the antiarmor weapon.

Returning the platform to the rear area can be done using the fiber optic

communications link or the backup radio frequency link.

The following paragraphs describe the system elements. Commercially

available components are used where cost and schedule could be met only by

using them. New developments and available hardware are used together to

provi'3 a very capable, flexible, and modular system that meets Army TMAP

specifications and provides for growth to include a variety of future payloads.

3.1 PLATFORM

The platform shown in Figure 3 includes the mobility base unit; the

modular mission head (formerly the weapons head); the sensor suite; the land

navigation unit; the video auto tracker; the communications links; and the

navigation, processing, and control electronics. The platform is 66 inches

long, 48 inches wide, and 50 inches high to the top of the mission head. It

weighs less than 370 kg and can travel at up to 15 km/hr. It has excellent

mobility in rough terrain and on steep slopes.

Mobility Base Unit

The mobility base unit (MBU) is a 4-wheel, diesel powered, hydraulically

driven, skid steered, all-terrain vehicle developed by Deere and Company. The

bfely !4 a 'Igl~s cyup.

The four wheel motors are driven by two hydraulic pumps powered by a

6-horsepower diesel engine.

Most of the electronics are packaged in an environmental enclosure in the

rear vehicle compartment. Other components are located in the saddlebags.

The pendant for moving the MBU without using the OCU is located in the right

saddlebag.

The turret that supports the modular mission head (tMH) is located in the

center of the vehicle. The azimuth drive motor is part of the turret assembly.

The fiber optic cable dispenser, mounted on the NBU rear surface, carries

and dispenses 4 km of FO cabla. The cable winding is lemniscate, which

provides the simplest, most reliable method of cable dispensing and simplifies
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rewinding. This technology eliminates cable twist during playout and

significantly reduces the probability of breaks due to kinking.

Sealed lead-acid batteries are located in the lower section of each

saddlebag. Batteries are recharged by the diesel engine alternato:.

Modular Mission Head

The modular mission head (MMH) includes the structure that mounts many of

the mission sensors along with the RF antennas. The head is driven plus or

minus 270 degrees in azimuth and plus 35 degrees and minus 15 degrees in

elevation. Antennas and acoustic sensors are mounted on the structure that is

driven only in azimuth.

Sensor Suite

The primary sensors in the sensor suite include the driving camera,

targeting and night v sion camera, laser range finder, and laser designator

(all mounted in the MMtt elevation structuze), the acoustic detection system

mocnted on the azimuth-driven MMH structure, and the body-mounted sensors

which include the four acoustic sensors ai, two speed sensors. Other sensors

mounted internally include the heading sensor, inclinometers, 3-axis

accelerometer, fuel level and oil prsesure sensors, engine speed indicator,

wheel encoders, battery charge level sensor, and temperature sensors of

engine, electronics, hydraulic pump, and batteries.

The driving camera is a fixed-focus, color, CCD camera with a 52-degree

field of view, auto-iris lens. The targeting and night vision camera provides

both day and night vision. The targeting lens can be zoomed from 25 mm to 350

mm providing a 14 to 1 magnification. The original range requirement for the

antiarmor configuration was 500 meters. This has been extended with the zoom

lens now in the system to an identification range well beyond 1000 meters.

This camera subsystem, at its lowest magnification, provides a 20 degree field

of view for night driving.

The laser range finder is an eye-safe, gallium arsenide laser with a

range well beyond 500 meters. It provides range to target when the firing

switch is activated. This information is automatically entered into a

tracking solution or is used for navigation position update, depending on the

operating mode.
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The modular payload, laser designator is a yag laser, not eye-safe, that

provides a single designation mode at this time.

The RF antennas include the 407.6 megahertz command receiving antenna and

the 1743 megahertz video transmitting antenna.

The acoustic sensors are mounted on top of the MMH and on the front,

sides, and rear surfaces of the MBU. The acoustic sensor system provides

three functions: 1) alert of potential target along with an approximate

azimuth to the target, 2) alert of live object movements and the capability

for the operator to use headphones to determine if the alert is a human

source, and the azimuth to the source, and 3) identification and tracking of

tracked or wheeled vehicles. Detection range of vehicles is compatible with

current antiarmor weapons.

Two speed sensors are mounted on the body to sense forward, backwdrd, and

side mot'... The output of these ultrasonic sensors is used in the navigation

computations.

The solid state heading sensor subsystem consists of a fluxgate

magnetometer coupled to a yaw rate sensor. Magnetic heading from this sensor

is used in the navigation computations.

Vehicle fore and aft and side to side inclination and inclination rate

are provided by the two-axis inclinometer. These data are used in three

ways: 1) in navigation computations to determine vertical motion, 2) in

target location and tracking to allow for MBU deviation from horizontal

position, and 3) to warn te operator of imminent vehicle turnover from

operating on too steep slopes.

Wheel encoders provide vehicle motion direction and spLed to the control

electronics to provide smooth, responsive control of vehicle motion. These

data are also used in conjunction with the ultrasonic speed sensor data in

navigation computations.

Fuel level, oil pressure, engine speed, and battery charge status data

are sensed and shown graphically to the operator.

Land Navigation Unit

Land navigation data are provided by a combination of the sensors

described in the preceding paragraphs. These include the targeting camera and

laser range finder for tria tgulating vehicle position, and the ultrasonic

speed sensors, magnetic heading sensor, inclinometers, and wheel encoders.
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Platform position and track are calculated within the navigation, processing,

and control electronics (NPCE) using a dead reckoning method, and displayed to

the operator along with heading and platform velocity on the liquid crystal

display in the OCU.

Another feature of navigation provided by the OCU portion of the NPCE is

the ability to enter and graphically display, on the OCU liquid crystal

display, waypoints of a planned route within the local military map coordinate

system.

Video Auto Tracker

The video auto tracker (VAT) automatically tracks targets tha'. are

identified using the box-shaped tracking cursor displayed on the OCU video

monitor in the tracking mode. Once set, the cursor follows the target, and

can drive the turret assembly to keep the targeting camera and payload module

pointed at the target. A tracking solution can also be obtained by manually

tracking a target and entering two target positions into the computer. The

system projects a path and automatically tracks the target.

Communicat ions

Two communication links are provided. The primary link is a 4-km fiber

optic cable which provides secure communication of commands, status, and video

data between the platform and the OCU. The FO system also includes the cable

dispenser previously described.

A backup radio freque.cy (RF) system is available to the operator if the

FO aystem fails. Both comiand and video data are provided by the RF system.

Two RF frequencies f i used, 407.6 megahertz for the command link and 1743

megahertz for the video. Status and audio data are transmitted over the video

link. Total system capability exists using either communication link.

Navigation, Processi wJ.A_ toI,

The software/hardware control system is the heart and major subsystem of

the Martin Marietta TMAP system. The simple platform system block diagram in

Figure 4 shows the interfaces between the previously discussed system elements

and the navigation, processing, and control electronics.
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The system software/hardware design incorporates a state-of-the-art

approach to process control and data management for remote vehicle

operations. The real time control system (RCS) architecture selected is an

evolution of the hierarchical control technology that began in the National

Bureau of Standards over 14 years ago. This approach, refined at Martin

Marietta over the past 2 years by two of the original codevelopers (Dr. Tony

Barbera and M.L. Fitzgerald), uses multiprocessors on a common bus

architectu::e to ensure extremely rapid cycle times while allowing for growth.

This same architecture is being standardized for use by NASA in their Space

Station Telerobotic System.

Table 1 describes the basic function of each of the control levels;

Figure 5 is a block diagram of the top level of the control system. Table 1

and Figure 5 also show the si,% CPUs used in the system (five in the vehicle

and one in the OCU).

3.2 OF-ZATOR CONTROL UNIT (0CU) AND POWER SUPPLY

The man-portable OCU and power supply are shown in Figure 6. The system

consists of two units, each weighing less than 16 kg. Packaged for carrying,

the OCU is 14 inches long, 10 inches wide, and 17 inches high. The power

supply is 13 inches long, 9 inches wide, and 11 inches high.

Operator Control Unit

The OCU includes two separable elements, the video monitor and the

controls and electronics assembly. Included in this assembly are the video

monitor, liquid crystal display, control panel, and LCD graphics, processing,

and control electronics (LGPCE). The 9-inch color monitor is housed in a case

that includes a front cover with window. The controls and electronics

assembly is a hinged box that opens up as seen in Figure 6 to provide access

to the control panel and the liquid crystal display. The opened assembly

attaches to either side of the video monitor for stability and to allow for

both right- and left-handed operators. Interconnecting cables and headphones

are carried in the back of the monitor enclosure.

All TMAP system functions are controlled from the control panel. The

liquid crystal display shows navigation and target location and tracking
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TABLE, 1
CONTROL LEVEL DESCRIPTIONS

System Control Level: Controls the operation of the entire system.
Determines if THAP is running in training mode or regular oporating mode.

CPU 1.

Mission Control Level: Does the major decision processing required to
sequence the system through each of its major missions. Determines the major
operating modes, e.g., Mobility, Navset, etc. CPU1

Platform Control Level: Controls the operator's high level identification and
surveillance capabilities. Controls the functions of the acoustic sensor
system and the cameras. CPU 1.

Subsystem Control Level: Directs the operator's joystick inputs for the
control of the turret or the vehicle. Coordinates the laser ranger and
autotracker information to provide turret positioning commands. CPU2.

Vehicle Control Level: Determines the stdte of the engine and determines the
next commanded wheel speed based on the present speed and direction of the
vehicle with respect to ground. CPU 3.

Wheel Speed Control Level: Given a wheel speed as an input command, this
level determines what position to set the awash plates to achieve this wheel
speed based on vehicle load parameters. CPU3.

Actuator Position Servo Control Level: Determines what voltage to put to each
of the motors to null the position error. CP

Turret Control Level: Given a pointing vector, determines the postion/rate
values and servo parameters to send to the motion controller board. CPU2.

Platform Operator Control Level: Interprets requests from the pendant or data
received over the communications link from the OCU to make the inputs from the
operator available to the running control system and initiate generation of
appropriate status displays. CPU 4.

Data Control Level: Provides an interface into the World Model Data Base from
the running Platform Control System to gather the data required to generate
the requested status displays, and to maintain data in disk data files. .

Graphics/LCD Screen Control Level: Given a request for a status display for
either graphics overlay or the LCD, configures icons and screen locations and
sets up the sequence of command primitives for the devices. CPUS.

Graphics/LCD Display Control Levelt Sends out primitive operation requests to
the device controller boards. OILPL

Disk Data File Control Level: Controls data on the disk, doing retrieval and
storage when commanded. CPU 5.

Communications Control Level: Controls the transmission and receiving of data
packets through the Fiber-optic or RF communication link, handling checksum
generation and packet sequencing. CPUA4.

Operator Control Level: Provides the high level interface to the operator
that determines the system operating mode. OCU CPU.

Option Control Level: Based on the present mode of the system, collects the
operator input data from the panel, interprets it, issues comands to generate
LCD displays is necessary, packetizes the data to be sent to the platform and
sets OCU status LED&. QGiI CNJL
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FIGURE 6-. OPERATOR CONTROL UNIT AND POWER SUPPLY
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information in military map coordinates. Graphics for the target, vehicle,

and landmark positions and for vehicle position tracking are generated within

the LGPCE subassembly.

OCU Power SupDly

The OCU power supply includes batteries and communications hardware. The

RF antenna package is also part of this assembly. Mission batteries are

high-energy-density primary lithium batteries. These provide the required

12-hour mission within the 16 kg weight limitation. Rechargeable, sealed

lead-acid batteries can be used for development, training, and testing.

The communications housed in the power supply enclosure include FO and RF

transmitters and receivers, and the FO wave division multiplexer. The RF

antennas are separately packaged.

Figure 7 is a simplified OCU block diagram.

3.3 SYSTEM POWER REQUIREMENTS

System power requirements for the listening mode and active surveillance

mode are shown in Table 2 as a function of the communication system being used.

TABLE 2

SYSTEM POWER REQUIREMENTS IN WATTS

Listening Active Surveillance

Mode Mode

RE . FO R . . 0 .

OCU 20 15 45 ,0

Platform 95 50 200-350 150-300

4.0 TMAP ALTERNATE CONFIGURATIONS

The THAP system, as designed, can easily be adapted to a number of

combat, combat support, and combat service support missions. The flexible,

evolvable MBU and OCU'software/hardware control system can be extended to

include additional or alternate weapons and sensors. The turret and body
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upper structure can be designed to carry a variety of weapons and sensors.

The basic 0CU and its power supply and the mobility base unit without mission

module are shown in Figure 8.

With little modification the system can carry the original payload of two

or three AT-4 antiarmor weapons and self protecti-a wear.ins (see Figure 9).

Concepts for otier weapon payloads include AAWS-M, TOW, and Stingers. Other

uses include mine detection, NBC detection, medic support end equipment

carrying.

The well-integrated processing and control system, communications, auto

tracker and sensors could also be used in other vehicles without modification

other than mounting and cabling. The operator control unit and power supply

can be used in this regard with no changes.

TMAP with its varied payload capability can be a major factor in

redressing the current bal nce of forces, which currently favors the Soviets.

Two important advantages are afforded by robotics technology.(1 ) First,

with fiber optic links and teleoperation concepts, the number of weapon

systems controlled by Allied combat units can be increased without increasing

unit size. Second, robotics would remove the weapon system opera-or from

hibhly lethal environments, and thus increase the survivability of highly

.raine: ind experienced US wcapon crews.

(1) Carlucci, Frank C., Secretary of befense, "Soviet Military Power - An

Assessment of Threat - 1988", p. 154.
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FIGURE 9: iMAP ALTERNATE CONFIGURATIONS
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ABSTRACT

This brief paper explores the question "When will robots be used in combat?"
To this end, the advantages of battlefield robots are compared with manned
options in terms of cost-benefit ratio and probability of success. If a
conservative policy for the employment of robots is assumed to predominate for
the next several years then robots must have lower costs and higher
probabilities of success than manned systems to be employed in significant
battlefield roles. Robots will easily t rain lower mission costs before they
will assure higher probabilities of success thazi manned systems. Inherent
complexity in design and implementation, the lack of implementation and
operation experience and a poor understanding of the issues of robot to
operator mapping will keep robots to only the simplest and moaL dangerous
tasks for some time to come.

INTRODUCTION

Recently, considerable interest in applying automation to various areas of the
operational military has developed as a result of the increasing cost of
battle and the increasing sophistication and numbers of the potential threat.
Much attention has been focused upon automation for combat in the hope that it
will make the battlefield more survivable and will multiply the capabilities
of human forces sufficiently to intimidate an enemy with vastly superior
conventional resources. The increased interest is, as a whole, good if it can
be sustained through a necessarily long development period. However, there is
significant danger that kinrealistic expectations of time scale and feasible
capabilities could be built in the user community by oterzealous automation
advocates. Eventual success at realizing practical battlefield automation
will only come if researchers, developers and users alike maintain a realistic
perspective of the rolej which automatio can play in the modern battlefield.
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This brief paper is dedicated to sharpening the collective understanding of
Wreo automation can best be applied by exploring the question "When will
robots be used in combat?" Two definitions are needed before this discussion
can begin. The scope of these definitions is limited strictly to the
purposes of this paper and should not be interpreted as being broadly
applicable to other circumstances.

Definition 1: Battlefield automation is any form of computer assistance to
human operations in the battlefield.

Definition 2: Battlefield robots are a subset of battlefield automation and
are devices which are coupled directly to the battlefield environment through
both sensing and actuation.

The first definition includes all computation applied to combat and direct
combat support. The second definition specifies only those devices which
interact directly with the friendly and hostile elei,,nts of the battlefield.
Directly, in this 3efinition, means not through a human operator. For
instance, automated target cueing is battlefield automation which is not in
the class of battlefield robots because the actual prosecution of targets is
handled by a huian. On the o~her hand, this definition of battlefield robots
includes both teleoperated, as well as autonomous, systems since in a
teleoperated device the human interacts with the battlefield environment
through the remotely controlled surrogate.

These definitions distinguish between two forms of automation, robots and
automated assistance to manned resources. Currently, considerable interest
exists in the appli-ations of robotics to combat to reduce human exposure to
hazardous conditions. This paper specifically examines the issue of applying
robotics to combat tasks. The application of other forms of automation to the
battlefield will not be considered here.

THEORY

Robots will be used in combat when it appears that they are the best choices.
Determining when they are the best choices requires measures through which
robot performance can be compared with the performance of the alternatives.

Comparison Measures

A common measure used to determine when robots will augment or displace human
labor in the factory is return on investment. Typically, robots perform
simple repetitious tasks better and often faster than humans. In the factory,
robots improve product quality and quantity by improving the consistency and
speed with which many simple operations can be performed again and again.
Improved product quality and production rate provide obvious quantifiable
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returns on robotics investments. Unfortunately, the battlefield is not like
the factory where much of the environmental complexity can be well structured.
The battlefield is a complex place where predictable repetition is quite
dangerous. This implies that robots have no inherent quality or speed
advantage over conventional manned systems since manned systems will perform
unstructured tasks better than robot systems for the near future. Therefore,
product quality and production rate, two measures traditionally used to

determine robot utility, are not meaningful in the combat situation.

One meaningful measure of combat system effectiveness is cost- benefit ratio.
It seems reasonable to say that robots can be employed effectively only when
the cost-benefit ratio is better than that of manned systems for the same
mission. This would be the case in a very hazardous mission where there is an
opportunity to save human lives since the cost of a human life is very high.
Unfortunately, cost-benefit ratio by itself is insufficient to decide between
the use of manned and robot systems in combat. The battlefield is a highly
uncertain place and even if the cost-benefit ratio for a robot option is very
good it is not likely to be chosen unless it has a reasonable chance to
accomplish the designated mission successfully. Thus, both cost-benefit ratio
and probability of success must be used to determine when a robot will be
employed in combat. Today, the probability of success of any robot system in
any real battlefield situation is low for all but the simplest of tasks.

Comparison of Robot and Human Alternatives

Comparison of robot and human forces for battlefield operations begins with
the statement of several assumptions and the identification of the components
of the cost-benefit ratio and the probability of success. These components
are compared term by term to determine where robots excel over humans and
where they fall short. The situations where robots excel are assumed to be
those circumstances when robots are likely to be employed.

The first assumption states the philosophy a field commander would use in
trying to decide between using robot and manned forces. In this philosophy,
a commander of forces with both manned and automated assets will choose the
options with the best cost-benefit ratio and probability of success. Stated
more formally, this assumption is saying:

Assumption 1: A commander will choose the robot option if and only if

N /N >1 (1)
m r

and

P /P >1 (2)
m r
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where

N = the cost-benefit ratio of using robot assets for a
r particular mission,
N = the cost-benefit ratio of using equivalent manned
m assets for the same mission,
P = the probability that the mission will be accomplished
r using robot resources and
P = the probability that the mission will be accomplished
m using manned resources

and where the cost-benefit ratio for a system x to perform a certain mission,
A, is defined by

N (A) C (A) / B (A) (3)
X x x

where

C (A) the cost of employing resource x to accomplish
x mission A and
B (A) - the benefits of accomplishing the mission A with
x the resource x.

Equation (3) makes the ratio

N / N - (C (A) / 0 (A)) * (B (A) / B (A)). (4)
m r m r r m

The formal statement of Assumption I is somewhat stronger than the informal
statement given above by requiring that automated options excel in both
cost-benefit ratio and probability of success. This could be considered the
policy of a conservative commander who is skeptical of automation.
Considering historical precedent, this policy is likely to dominate the
military for many years.

Assumption I reduces the problem of determining where robots can best be used
in combat to looking at the ratios of cost-benefit ratios and probabilitiea of
success for conventional manned assets and proposed automated assets for
various missions of interest. Let us examine the issues associated with
computing these ratios,

Cost-Benefit Ratio

Equation 4 can be simplified with another assumption which does not severely
violate rationality.
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Assumption 2: The benefits of any mission are completely independent of
whether manned or automated forces are used to accomplish the task or

B (A) / B (A) = 1. (5)
r m

Substituting Equation (5) into Equation (4) produces

N / N = C (A) / C (A) (6)
m r m r

which reduces Equation (I) to

c / c >1. (7)
m r

The costs used above are not simply the costs of purchasing the systems
employed nor are they just the costs of operating the systems b-ing compared.
As implied these costs d' pend upon he specific mission in which they are
employed, upon whether the system is lost during the mission and upon how
many related casualties are sustained during the operation to execute mission
A. An additional assumption is useful to simplify this computation somewhat.

Assumption 3: The commander delegated with a mission will assume the worst
case outcome (i.e., complete mission failure, complete system loss and worst
case associated casualties) when computing the cost ratios.

This makes the cost for employing system x in mission A a tractable, albeit
difficult, computation. One possible formulation of the components of cost is

C (A) - C + C (x) + C (A) + C(A) (a)
S x o o

where

C - acquisition cost of system x,

C (x) - operations cost of system x,
0
O (A) - cost of the casualties associated with the failure
c of mission A and

C(A) m cost of the failure of mission A.

There may be other better candidates for computing system-mission cost. This
suggestion merely highlights the need to include costs in addition to the
system acquisition cost and to include both mission dependent and s stem
dependent components. In addition, the system cost (both operations and
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acquisition) is strongly related to the complexity of the technology which
may, in turn, be related to the probability of success. However, for the sake
of simplicity, these couplings are assumed to be negligible.

Substituting the results of Equation (8) into Equation (1) produces

C + C (m) + C (A) + C(A)
m o c

C Ic . (9)
m r C + C (r) + C (A) + C(A)

r o c

Even considering the present state of the art in robotics, the acquisition
cost for robots is likely to be less than the cost of a manned system for a
similar mission. This is especially true for teleoperated systems since much
of the most costly parts of the system are theoretically placed out of harm's
way. The operations costs are likely to be more when using humans than when
using robots since manned assets generally require more support than robot
assets. The cost of casualties in the event of mission failure will only be
somewhat less for robots than for manned options because the largest component
of near term forces will likcLy be humans for either options. Finally, the
cost of mission failure will be equal for both manned and robot forces. From
these crude estimates, it is possible to venture that the cost ratio for
manned and robot options could be close to unity. This is even more likely to
be true for robot assets which are actually deployed since the purchase and
operations costs must be less than or equal to the equivalent costs for manned
assets for the concept to get past the early stages of development.

Probability of Success

Comparison of automated and manned options in terms of cost-benefit seems to
be relatively easily computed. Computation of the relative probabilities of
success is not as straightforward. The way in which missions are stated must
be limited to establish a concrete definition of probability of success.

Assumption 4: The mission is stated so that it is either a complete success
or a complete failure (i.e., no partial success).

This assumption enables the association of the probability of mission success
using system x with the probability of failure through the relation

P - 1 - F(10)
X X

Equation (10) together with Assumption 4 permit the probability of success to
be computed directly from knowledge of the probability of failure. This
convenience enables the statement of the probability of success in terms of
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more readily available factors (e.g., system failure rate) and permits the
transition from speaking of success to speaking of failure. One can argue
that the ratio of the probabilities of failure is just as useful as the ratio
of the probabilities of success for deciding what assets are best employed for
a certain mission although they are not equivalent mathematically. To state
further arguments in terms of failure requires an additional assumption to
clarify the situation.

Assumption 5: Only failures which cause complete mission failure will be
considered in computing the probability of success for system x.

This assumption neglects an entire class of noncritical errors and system
failures which do not cause the mission to collapse. While these problems are
significant, they are, for the most part, a nuisance and can be expected from
both manned and automated systems for some time to come. Critical errors, or
the probability of critical errors occurring, will largely determine how
useful systems are to combat situations. In addition, many errors which are
negligible in factory environments become crucial in combat.

The probability that system x will succeed at mission A can be stated as the
following combination

P (A) P (A) * P (x) (1)
x x e

where

P (A) probability of mission success with no critical
X1 system errors and
P (x) probability of no critical system errors occurring
e in system X.

The first term in Equation (11) represents the probability of mission success
given perfect system operation. This term can be decomposed into the
following components:

P (A) - P(x:A) * P(x:O) (12)
X4

wheie

P(x:A) - the probability of mission success if system x is
operated perfectly and

P(x:O) a the probability that system x will be operated
perfectly.

The first term in Equation (12) measures the match of the system capabilities
to the task. Simulations are especially valuable for obtaining estimates of
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this term for various systems and mission scenarios. The second term

represents the effectiveness of the operator (if there is one) and

P(x:O) = f(operator state, training and interface). (13)

This term can be difficult to evaluate but the human factors community has
developed techniques to make theoretical estimates and to determine
experimental approximations.

The second term in Equation (11) represents system reliability in a certain
mission. This term can be further decomposed into two components

P (x) = P (x) * P (x) (14)
e es eh

where

P (x) probability that no software failures will occur in
es system x during the mission and
P (x) probability that no hardware failures will occur in
eh system x during the mission.

Equation (14) divides failures into the two major components of a robot,

hardware and software. Failures can also be orthogonally partitioned into
soft errors and hard errors. Soft errors are transient errors (i.e., errors
which occur once and then disappear). These can occur in hardware (e.g.,
memory errors from alpha particle hits) as well as software. Hard errors are
permanent failures and may also occur in software (through a system crash) as

well as hardware. The effects of hard and soft errors are especially
difficult to evaluate for automated systems. More reliable failure statistics
are available for hardware subsystems than for software. However, further
experience with automated systems in various operations will provide some
basis for better quantification of these errors in the future if the proper
experimentation is performed.

Thus, combining the above results, Equation (2) becomes

P(r:A) * P(r:O) * P (r) * P (r)
es eh

Pr /Pm • (5)
P(m:A) 4 P(mzO) * P (m) * P (m)

es eh

For the sake of argument, consider an additional important assumption.

Assumption 6: For every manned capability there is a corresponding and equal
automated capability, i.e.,
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P(r:A) = P(m:A). (16)

This assumption represents the futurist's perspective by predicting a time
when, in terms of mission success, it will make no difference whether a robot
or manned system is employed. As such, it casts robot options in the most
favorable possible light for the remainder of this discussion. Assumption 6
reduces Equation (15) to

P(r:O) * P (r) * P (r)
es eh

Pr / Pm = (17)
P(m:) * P (m) * P (m)

es eh

The terms representing manned systems in Equation (17) are reasonably well
understood when compared to the corresponding terms for automated systems.
Further, the probabilities of no software and hardware failures for robot
systems will be considerably lower than the corresponding terms for manned
systems because of the higher information processing machine complexity and
associated failure modes. The corresponding probabilities for manned systems
will be higher because of the significant body of experience in constructing

manned combat systems. This very situation could well determine the fate of
robots on the battlefield for the next several years. In the early
development period of combat robots, the probability of no operator failures
will be much less for robots than for equivalent manned systems because of the
large amount of experience in training humans to operate manned combat
equipment. Much remains to be learned about training people to operate combat
robots and this void will directly affect their probability of success. From
this crude comparison, it is easy to see that manned systems will have greater
probabilities of success for years to come simply because of the great vacuum
of experience in applying robots to combat.

When comparing totally autonomous systems with teleoperated systems, the
probability of no operator failures is nearly unity for an autonomous system.
However, the probabilities of no software and hardware failures in autonomous
systems may be somewhat lower then in teleoperated systems because of the
inherently higher complexity. However, as robot systems are used more and
mo,:e the probabilities of no software and hardware failures get larger and
larger as many of the latent failure modes are discovered and eliminated or
improved. Thus, it is likely that the probability of success for autonomous
systems will eventually be significantly better than for teleoperated systems.

Note that all of the above comments are only valid if the cost of automated
assets is less than the cost of equivalent manned assets.

Influence of Policy Changes

The policy used to decide between manned and robot forces ultimately
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determinia when robots will be used in combat. This analysis initially
assumed a conservative policy because it seems most consistent with
traditional military decisions and because it is the easiest to analyze.
Other employment policies are possible. If the requirement that robots must
have a probability of success greater than or equal to that of equivalent
manned systems is relaxed then robots woilld, of course, see much greater use.
However, this policy is contradictory with the real goal of military
commanders, i.e., to win the war. Winning against an able adversary requires
a very good resource allocation strategy. The opt- allocation strategy
would include applying the assets best suited for the job (i.e., those with
the least cost-benefit ratio and the greatest probability of success).
Choosing a less optimal strategy only increases the chances for defeat. Thus,
the policy which forms the basis of this analysis is part of the optimal
strategy for winning and is the most likely to be employed not because of
tradition or ease of analysis but because it is required to win at battle.
Any different policy would result in failure and greater loss of life.

CONCLUSIONS

This analysis has introduced a technique for determining when robots will be
used in combat and provided some insight into the likelihood that robots will
be employed in combat in the near future. If one assumes that the
conservative philosophy will predominate for the next several years then
robots must have lower costs and higher probabilities of success than manned
systems to be employed. Robots will easily attain lower mission costs before
they will assure higher probabilities of success than manned systems.
Inherent complexity in design and implementation, the lack of implementation
and operation experience and a poor understandi ,g of the issues of robot to
operator mapping will keep robots to only the simplest and most dangerous
tasks for some time to come.

Although this analysis is preliminary, the following conclusiens ca be drawn:

Conclusion 1: Defensibly determining when robots are best is not possible
until their costs and probabilities of success can be accurately estimated.

Conclusion 2: The method outlined above provides a concrete technique by which
to compare manned and various forms of robot ae.-its for well defined missions.
Hard numbers either are or should soon be available for each of the criteria
discussed. These can be determined through simulatiou, experimentation and
combinations of the two.

Conclusion 3: The major near-term contribution to combat from roboLlCs will
come in the form of automated assistance to manned assets. The present and
near future costs are too high and the probability of success too low for
automation in the form of autonomous and teleoperated systems to be
realistically employed directly in combat for some time.
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ABSTRACT

Expert systems are being built to serve as intelligent advisors and
decision aids in a wide variety of application areas. An expert system is
being developed to capture the essence of locating and recovering objects
from the sea floor with the aid of a remotely operated underwater vehicle.
The expert system is capable of evaluating the at sea situation and
dynamically modifying the search and recovery strategy to optimize
operations.

INTRODUCTION

Expert systems offer a great deal of utility in assisting humans in a

variety of domains. The explicit codification of knowledge is an illumination

process which leads to many new insights within a particular domain. A

primary goal of creating an expert system is to make existing knowledge

inexpensive and available. In today's society, hard problems that require the

best human expertise are greatly prolif -ating as technology becomes more

complex. As expert systems are capable of dealing with large solution spaces

known to be hard for humans, expert systems actually extend the type and

degree of problems that can be solved. An expert system places extensive

problem solving knowledge in the hands of less trained operators.

In recent years there has been a great expansion in the application of

underwater Remotely Operated Vehicles (ROY's) within the Navy support

community. What typially characterizes ROV operations for Navy use is a

large number of standard tasks which have a great deal of variability

associated with them. The knowledge associated with similar or repeated
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(engineering) logs. To date, the efficiency and effectiveness of the ROV

operations have been highly operator dependent. Clearly an opportunity exists

for a knowledge base system to assist the operator in recalling, processing,

and interpreting information.

Underwater navigation and positioning is a critical task. The

information needed for underwater navigation and positioning comes from a

wide variety of ROV onboard sensors, shipboard sensors, and often bottom

mounted sensors. What the operator needs the most is the interpretation of

sensor data to form an electronic chart that maps out a route.

Expert system technology driven by real-time situation data, combined

with man-machine interface techniques can provide a tool that capitalizes on

this opportunity by amplifying human data fusion capabilities. A knowledge

based paradigm supporting data fusion with man-in-the-loop ia described for a

specitic- application of underwater object recovery. The operational concept

includes a decision aid to associate and combine multiple source data

arriving in real-time. Due to the complexity and the dynamic nature of the

environment, the monitoring of such a multi-media system entails the

effective management of information and timely decisions in terms of what

adaptation options are available or recommended. The thrust of the current

work has been in developing a workstation that allows the operator to quickly

and easily access the most relevant information.

The approach considered in this study is the application of Artificial

Intelligence (AI) techniques, the expert system approach in particular, to

tht object recovery process. This paper discusses the expected application of

these Al techniques in the operational system and describes the efforts and

accomplishments of th, system development. The work underway for TONGS will

lead to a better understanding of applying Al technology to the marine

environment.

Television Observed Nautical Grappling System Background

The Television Observed Nautical Grappling System (TONGS) in current use
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at the Naval Surface Warfare Center (NSWC), Fort Lauderdale Facility, has

evolved over a number of years in response to operational needsI . TONGS was

just utilized in shallow depths to assist Navy divers in planting and

recovering objects on the sea floor. The objects usually mated to an

underwater, armored coaxial cable laid from the beach. TONGS assisted the

divers by providing a means to guide a lifting cable from a shipboard crane

to the immediace area of the bottom-mounted object. As the water depths

increased, the usefulness and efficiency of the diver teams decreased. The

consequences of the diver imposed depth and bottom time limitations spawned

the first TONGS sensor, a closed-circuit television for monitoring underwater

operations. TONGS would sit on the sea floor, and surface operators could

observe nearby diver operations via the remote TV camera.

Successful follow on operations provided impetus for further refinements

and a family of TONGS type vehicles evolved. TONGS was progressively

developed as the primary system to locate the sea ends of cables, recover the

cdble end to a surface platform, then orient the object of interest on the

sea floor. As experiment, progressed into deeper water TONGS capabilities

were upgraded to remain functionally sufficient to provide support for a

variety of test programs.

Locating and recovering an object or target is a time consuming

and sometimes frustrating job. 2ven if you think you know where an object is

bzintg placed on the sea floor, the basic dynamics of the ocean currents

acting on the ship and TONGS guarantees an uncertainty in actual location of

an object on the sea bottom. TONGS has search and acquisition capability

compatible with environmental conditions at operational depths. lIx early

iONGS colliguration, location of an object was accomplished with a narrow-

beamed, directional hydrophone (listening hydrophone) used in conjunctior

with an acoustic beacon to provide a general beating in the direction of

i W.A. Venezia. G.A. Lamb, 13. Dixon, "Television Observed Nautical Grappling

System (TONGS)", MTS/IEE ROV 84 Conference, pp 240-244, 1984.
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the object . An active sonar with a conical beam in conjunction with a sonar

reflector provided range to the object. Both the hydrophone and the active

sonar were aimed along a common axis controlled by a pan and tilt mechanism.

A compass provided a continuous indication of the direction of the pan axis.

Unfortunately, the missing object isn't the only thing on the ocean floor and

the operator must investigate every signal returned by the sonar.

Over the years the TONGS's sensors have been upgraded to include

Obstacle Avoidance Sonar, local area positioning systems, and a variety of

sensors for measuring the environment. The use of multiple sensors for target

recovery provides both redundant and complimentary coverage of the target

observation space. The sensors tc be utilized by the expert system are a

pressure transducer, compass, Obstacle Avoidance Sonar, black&white TV

camera, Surface Tracking System, NAVTRAK, and underwater tracking system.

EXPERT SYSTEM OVERVIEW

The expert system is designed to perform tasks such as: data reduction

and interpretation of sensor measurements, diagnostics, and advise the TONGS

operator and ship navigator. This interactive and user friendly system uses a

high speed large capacity inference engine architecture in a PC microcomputer

hardware envi"orment, and has an established knowledge base with sufficient

levels of detail to produce guidelines in the form of suggestions along with

supporting criteria.

A functional block diagram of the operational prograr- is presented in

Figure 1. The overall aystem is depicted in terms of the functional

interfaces of the system and its major functional modules: sensors, the

expert system, and user interface. These modules are independently developed,

and evaluated. Then they are integrated into one cohemt package. Note that

the expert system accesses TONGS onboard sensors, shipboard sensors, and

bottom mounted sensors through appropriate interfaces. The expert system i"

composed of: inference engine, knowledge base, and control functions. The

knowledge base contains facts and database&. Tat-et data from sensors and any
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update performed by the navigator and the operator is used to update the

databases within the expert system module. As changes in the recovery

situation are perceived, the program reassess the situation and provides

advice to the operator as appropriate. These suggestions include the

selection of optimum paths and information regarding any known targets in the

vicinity of the operation.

Having received an operator command, the expert system interrogates the

operator and the target data for information regarding the environment and

possible targets. Based on the current system states, the expert system

chooses the sensors/modes of operation to achieve the operator objective

while maintaining efficient operation of the overall sensor suite. The input

stage will allow software control of the process by which a new user can

effectively turn on the system, access it, and receive coherent, correct

responses from the system. The input procedures are human-engineered to

reduce obvious errors, and ease user interaction with the system.

li.ne integration of the expert system, user interface graphics, and

database modules (Figure 2) is the most challenging original programming in

the critical path of system development. This is due to the complexity of

interfacing off-the-shelf packages such as GoldWorks, PC-Paint, HIALO

Graphics, and dBASE III Plus. Significant amount of software linkage was

required between these packages to establish an efficient interface.

DATA STRUCTRE

The knowledge is scattered among a set of modules that have access to

data in the database and may post their findings on any level of the

databases. There are two databases accessible by the expert system: Navigator

Log database, and Cables database. The Navigator Log database contains

information describing the events occurring onboard the ship. From the time

the ship leaves port until it returns to port, a desuription of' all

activities and observations concerning the mission is entered into the

database. Compilation of all this data forms a knowledge base which can be
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used by the TONGS operator. The knowledge base allows the operator to make

quick decisions based on all the available data. For example, suppose an

operator needs to recover an object and he knows the general -rea where it

can be found. The database can be queried for information re. iding known

objects in that area. Therefore, known objects won't be mistaken for the

missing object and significant time is saved.

Each activity or observation during a mission is stored in the database

as a separate record and thus each mission will typically have several

records. A record contains information such ast the date of the mission, the

time a record is entered, a description of the activity or observation, a

description of the object to be recovered, the X and Y position of the object

in a local area coordinate system, and the depth of the water at these

coordinates.

One activity performed by the ship's crew is to lay cable and/or repair

cable. As a cable is laid on the ocean floor, pertinent infornation about it

is stored in the Cables database. The information considered is: the cable

number, a physical description of the cable, the ccordinate system used to

calculate the X and Y cable coordinate, the cable-end coordinate, the depth

of the water, and owner of the cable. The Cables database can be thought of

as a map of all the cables laid on the ocean floor. This data is

particularly useful to the operator when searching for a cable (either to

pull it up or to make a repair to it).

The Navigator Log and Cables databases are integrated into the TONGS

expert system to act as a knowledge base. Therefore, when the operator needs

information from the database he has the option of querying it directly or

accessing it through the expert system. Because the operator and navigator

are constantly updating the databases, the expert system can base its

decisions on up to the minute data. Eventually some oi the data won't need

to be entered manually by the opo.rator; instead, the hardware will be

interfaced so the readings from the sensors will automatically update the

146



databases. An effective software interface is established with dBASE III

Plus through the implementation of software command routines. Data files are

designed to epply labels, construct tables , modify, add or

removqe recovds via dBASE III Plus subroutine calls.

EXPERT SYSTEM

Expert knowledge in the forms of factual information, procedural rules,

meta-rules, and heuristics (all of which are elements of an individual's

knowledge and experience in his field of expertise) can be captured and

transferred to an intelligent computer program which uses inference

procedures to emulate the problem-solving and decision-making performance of

the human expert whose knowledge or experience is represented in the program.

The principal issues in building a knowledge based expert system involve:

acquiring dowain specific knowledge from recognized experts, representing

that knowledge appropriately in the system's knowledge base, and using that

knowledge effectively for decisions and problem solving. The data stored in

the two databases is evaluated by tht expert system to infer recommendations

for the TONGS operator to finu a missing object based on similar past

situations.

The TONGS expert system has several layers of embedded software as shown

in Figure 3. In the center, are Common Lisp and C programs. The next layer

.ontains dBESE III Plus, followed by graphics and the GoldWorks expert system

shell. The outermost layer is the expert system. Because it is the outermost

layer, the expert system can utilize not only the GoldWorks shell, but the

dBASE III Plus, Giaphics utilities, Lisp and C languages as well. The expert

system utilizes this feature by supporting the GoldWorks rules with functions

coded directly in Lisp.

The development cycle of an expert system can be decreased if an

effective expert system tool is used such as GoldWorks. This system combines

frames, rules, and object programming into a single integrated system.
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GoldWorks runs on PCs and can be interfaced to dBASE III Plus, and C. This

system uses frames to structure information in the knowledge base. Frames are

templates for inserting information about objects into theknowledge base and

are organized in a hierarchy called a Lattice. Frames are named and have

attributes called "slots". An instance is built from a frame and inherits the

slots of the frame. Values within slots can be controlled by rules and by

attributes called "facets". GoldWorks is installed in a PC-AT

microcomputer with a HummingBoard. The HummingBoard incorporates the Intel

80386 running at 16 MHz, high speed cache with 8 megabytes of RAM. This board

was designed to transform a conventional PC into a Lisp machine, thus

increasing the performance of PC-based systems.

The present expert system is developed to recover a known object which

ia a cable, and to recover a known object which is not a cable. The system

makes use of the Goldworks' Sponsor system to deal with the rules involved

for each of these cases. Sponsors are used to control the resources

allocated to the firing of the rules in a system. Under the sponsor system,

rules are grouped together and only the required sponsors will be activated

so that their rules may have a chance to fire. This will increase system

response time. Using the knowledge obtained from the operator, the system,

via rules, will access the appropriate database to discover relevant

information and transfer it to the frame instances for use by the expert

system.

Using information obtained from the databases as well as input from the

various sensors, the TONGS expert system -ontinuously calculates the range

and bearing from the current position of the ship to the target site. Before

TONGS is deployed, the system will use the database information to discover

other objects which may be also be loated in the area and thus help to

hasten the location of the desired object. Once TONGS is within close range

(ten feet) of the desired object, full manual control will pass to the

operator for the final recovery operation.
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Once an expert system is built, a large part of its usability depends

on the end-user interface. Since most expert systems are really intelligent

assistants, the end-user interface is often designed to. allow interactive

dialogue. This dialogue and/or initial input most often appear to the user as

structured data input arrangements incorporating menu choices that allow the

user to answer requests by the system for information. Also, text and

graphics are often used to show line of reasoning when the system responds to

user. Interactive graphics and simulation are used to increase the end-user's

understanding and control of the system. The controls and displays provide an

interactive interface for ease of command, data request, and data entry by

the operator.

The expert system is designed to be useful to the TONGS operator and

navigator. Information is condensed, clearly presented, easily assimilated

and unambiguous so that there will be no confusion in the user's

understanding. In this system, provisions are made to supply detailed or

backup information when and if the operator wants it. The system user

interface relies heavily on the use of three different graphics systems. The

Goldworks' Screen Toolkit controls application screens and is used for the

various popup menus in the system. PC-Paint is used for the creation of

introductory screens, help screens, backgrounds and other static screens.

The Halo graphics is intended for use with dynamic images. Examples of this

include gauges, sonar displays, and other sensory input to the system. All of

this information working together will give the TONGS operator quick access

to the data he needs to make informed decisions instead of haphazard guesses.

SUMMARY

To effectively utilize the sensor suite and to reduce the number of

operator tasks, a high level of automation is required. The TONGS expert

system acts as a smart interface between the operator and the multi-sensor

system for recovery of objects from the sea floor. This system provides

advice to the operator in selection of optimum paths and to provide

information regarding any known objects in the vicinity of the operation. The
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recovery process, and to present the data in an ef fective, and readable

format. Results of the work to date show promise in demonstrating. the use of

an expert system in a practical at-sea operation.
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ABSTRACT

The authors believe that advanced telerobotic systems will
involve both autonomous robot movement and user controlled robot
movement. Although artificial intelligence can facilitate
significant autonomy, a system that can resort to teleoperation
will always have an advantage.

This paper proposes the development of a high '("vel robot command
language applicable to the autonomous iod of an advanced
telerobotics system. The high level languagw will allow humans
to give the robot instructions in a very natural manner. The
system will then analyze these instructions to infer meaning so
that the system can translate the task into lower level
executable primitives. If the system is unable to perform the
task autonomously, it will be capable of switching to the
teleoperational mode.

1.0 INTRODUCTION

This paper presents an overview of a User directed Qbject
movement gystem (UDOMS) under development at the University of
Alabama at Huntsville (UAH) that will, from high level user
commands, plan the movement and generate the commands to move a
robot in a known environment. The system is being developed on a
Silicon Graphics IRIS 3020 interfaced with a PUNA 562 robot.
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This system will combine the results of many researchers into a
system that will go from user commands to robot movement. The
user interface is by way of a graphical 3-D representation on the
IRIS of the work environment. The user will select an object on
the work environment by selecting the representation of the
object on the graphic display and indicate where the object is to
be moved by selecting another point on the display. The system
will analyze the user command and if possible decompose it into a
set of robot movement tasks. The system will then plan each
task. Each plan will be a near-minimum time path for the robot
that avoids any parts of the environment that may be in the
robot's work space. The plan will also satisfy the constraints
on the range, velocity, and acceleration of the joints of the
robot and satisfy any constraints on the orientation and
acceleration of the object being moved. The user may select to
view a simulation of the proposed set of movement or have the
system generate the commands for the PUMA. The PUMA will
implement the commands enabling the verification of the robot
movement plan.

ElMaraghy (1987) is implementing a similar system that seems to
be concentrating on high level task planning. Grover (1986) has
implemented a hardware system similar to UDOMS; it is a semi-
autononus system in which the user gives the high level commands
to a robot. Neither work appears to include path planning in
which objects are avoided and constraints on robot motion are
considered. Fernandez (1986) has developed a system (ROBOSIM)
that allow the user to plan complex movement of the robot in an
off-line mode; but the programmer must do the path planning and
must check for collisions.

The four major objectives in the development of UDOMS are: 1) to
develop a high level language that will allow a user to
manipulate the environment by way of the robot without having to
know the details of the environment, the constraints on the
motion of the robot, or the constraints on how the objects can be
moved in the environment, 2) to define and develop structures for
data bases that will contain the information about the robot,
about the robot work environment, and how to move objects in the
environment, 3) to develop an expert system to use the data in
the data bases to transform the user commands into allowable
robot commands, and 4) to create a system in which results of
various researchers in the area of robot path planning can be
combined into a working system to evaluate the performance of the
various algorithms.
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2.0 APPLICATIONS

Systems like UDOMS are ideal for use in telerobotic systems, deep
space docking activities, and for generating programs for robots
used in handling and securing hazardous materials and in th~e
manufacturing environment. Telerobotic tasks may be divided into
two categories: fine movement and gross movement. Fine movement
is the movement involved in picking up or placing an object.
Gross movement is the robot movement between fine movements. In
telerobotic systems UDOMS is useful because 1) the environment in
which the robot is working is known, 2) the user usually does not
know all of the constraints imposed on the robot, 3) the user
usually is not aware of all the parts of the environment in the
robot's work space, 4) the types of feedback and time delays in
the communication path make it difficult and time consuming for
the user to control the robot, especially for the gross moves,
and 5)the system can plan and make the gross moves of the robot,
returning control to the user when the robot is in position that
requires user intervention (fine movements). The type of
feedback, type of controls, feedback time delays, and even the
user personality affect the time required to accomplish
telerobotic tasks, Crooks (1975), Farrel (1966), Yorchak (1985),
and Collins (1985). UDOMS would be capable of implementing the
gross robot moves without the need for any feedback to the user.

This type of system will also be applicable to manufacturing and
testing environments in which the environment is known but
changes frequently. Because of the user interface and on-line
path planning the system can easily a.d quickly generate new path
planning in response to changes in the work environment. It
would not require a skilled operator to generate new robot
programs.

3.0 SYSTEM DESCRIPTION

The system will consist of a set of processes as shown in the
data flow diagrams, DeMarco (1978), shown in Figure 1 and Figure
2. Figure 1 shows the data flow diagram for the generations of
the data bases for UDOMS. The structure of the robot will be
defined in the form developed by Denavit (1955). Through a menu
driven interface the user will supply the link and joint
information for the robot being modeled. The user will also
supply the limits on the position, velocity, and acceleration for
the joints. Also through a menu interface the user will create
templates of objects. The user will use the templates to create
the environment by creating and combining objects. Everything in
the environment is an object. An object can be a combination of
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other objects. Each object has a name, a geometric description,
a -position in 6-space (x, y, z, roll, pitch, yaw), a list of
couplings to other objects, and a list constraints on how the
object can be moved.

Figure 2 shows the data flow diagram for the command generator,
movement expert system, geometric path planner, dynamic path
planner, and robot command generator. The user views a
projection of the 3-D environment on the screen of the IRIS. The
user will be able to change the magnification and move through
the environment by use of the mouse. The user will select
objects by use -f the cursor. When an object is selected the
user will have the ability to examine any data about the object.
Once an object has been selected the user indicates where to move
the object by selecting the destination in the environment. The
expert system contains the rules on how and where the various
objects may be moved and the procedures for moving the objects.
Ile expert system will determine if the movement is possible.
If the movement is possible the expert system will decompose the
move into a set of tasks for the robot. These tasks will be sent
to the path planning processes.

Path planning will be an iterative process, between geometric
planning and dynamic planning, of finding where the robot may
move and then finding a near-optimum path that satisfies all the
constraints on the system.

The geometric path planner process will find in 3-dimension space
paths for the robot that will avoid any portions of the
environment. The paths pass through knot points supplied by the
expert system process. Lozano-Perez (1987a) gives a good
overview to the work being done in geometric path planning. Most
of the research on path planning, Loratno-Perez (1987a), Ruan
(1985), is either in the area of creating potential fields
around objects and navigating along paths of lowest potential or
partitioning the robot work space into areas of free space and
finding paths through the free space. Gilbert (1985) approaches
path planning as an optimal-contro problem in which the
objective function is either a minimum energy or minimum time of
travel function. An algorithm along the line of Lozano-Perez
(1987b), which presents a method of finding the free sp~ce in a
robot's work space and a method of planning a path through the
free space, will be implemented as the geometric path planner.

The dynamic path planning process will create a robot path that
passes through the knots created in the geometric path planner
and that satisfies the motion constrains on the robot and the
object being mir.ed. Two promising approaches to this problem
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are: fitting cubic splines to the knots, Lin (1985) and
representing the problem as a near-minimum time objective
function and using non-linear programming, Tan (1988). Both
approaches consider constraints on the motion of the robot. The
non-linear programming approach will be implemented in UDOMS.
Once a path has been computed for the robot the geometric path
planner process will verify that the path does not collide with
the environment.

Once the path has been generated t:hat satisfy both the geometric
and robot dynamics constraints the robot motion can be simulated
on the IRIS or robot commands can be generated and sent to the
PUMA.

4.0 CONCLUSIONS

The authors believe that, even though the research is not
complete, sufficient work has already been accomplished by
researchers in the area of path planning that a usable high level
system can be developed to plan and control the movements of a
robot without the user having to know about the robot or the work
environment. This paper discussed the design of such a system
under development at UAH.
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Abstract

Offline programming and simulator systems for robots usually create their output directly

in the robot's language. This works well when only one simulator and one robot are involved.

However, when multiple robots must be programmed with a single simulator or logic must be

transferred between multiple simulators and/or robots, this leads to a profusion of

special-purpose translators. To circumvent this problem, a general purpose neutral language

was developed to carry logic between systems. This language, called Generic Descriptor

Language (GDL) is the "C" language augmented by a set of robot-oriented functions. A pair

of translators was developed using the UNIX lex and yacc utilities to test the feasibility of this

approach.

An Overview of the Problem

When logic is developed to control robot motions using a simulator (offline

programming), it is necessary to translate the logic from the language used to control the

simulator into the language used to contol the robot. This is because the simulator and robot

languages arm nearly always incompatible. This poses little difficulty when only one simulator

and one robot are being used. However, in an integrated shop where several types of robots

and simulators are used, thi,, can easily lead to a profusion of special-putipe translators. For

example, two simulator types and three different brands of robots make it necessary to

taintan twenty individual translator programs (including a pair to allow logic transfer

between the two simulators),t

The number of required tnislators can be reduced by the use of a neutral data trmsfer

language. This is the same philosophy used in the Product Description Exchange Standard

(WES, fomzrly known as IGES, or Initial Data Exchange Standard) which is used for

En_ F ke, W. D. (191) -A Gwei Opcaios De=4 Lvge f(or Ebo Simghton," Prodiqs of*A

soeaswx Cwp wr Simukda oGerwa, ilunLvill , %or 1987, pp 54 - 58a
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transferring geometry and notes between CAD/CAM systems. In the case of the example, this
reduces the number of reuired translators from twenty to ten.

A format for a language and a geometry database layout have been developed which can be

used for linking robots and simulators, The language is "C"-based. The language and database

together are termed Generic Description Language, or GDL.2

A number of concerns have been raised over the years about the use of neutral file formats

when translating between systems. Some of these are the following:
1. An additional language introduces extra complexity and possibility for error in the

translation pocss.
2. Since a neutral language is inherently more general than a system-specific language,
features which are individual to particular systems lose their identity when translated into the
neutral language, and fail to wap into their proper analogue in the target system,
3. There is extra time involved in the process, as well as a requirement that personnel

performing the translation be familiar with yet another language/pntocol.
While these objections are not without merit, they do not necessarily mean that the whole

concept of a neutral language should be rejected; rather they indicate that close scrutiny of the

situation should be performed prior to making a decision to use the method to ensure that it is
appropriate. These same objections were raised when PDES was developed, and yet many
tiaJor manufacturing firms (e.g. Boeing, General Motors, McDonnell-Douglas, etc.) chose to
pursue a fairly aggressive implementation plan for it. This indicates that the benefits of the
method can outweigh the disadvantages in certain cases.

Examples of cases where neutral file data transfer would be useful in practice include
shops where mUltiple simulator and robot brands aro used, each with its own language.
Another case is that where a shop is re-hosting simulator/i )bot programs to allow conversion
to a r .w system or replaement of a robot with another brand.

An interesting feature of GDL is that, since it is "  a Me created in GDL can
actually be compiled with a "C" compiler. Naturally, in order to do this it is necessary to

supply certain key subroutines used by robot actions, such as "move" and "gra.'p." These
supplied routines can, however, incorporate whattver logic the designer desires, and could,
therefore, be used as the basis for additional simulations. For example, it would bo
,traightferward to create a program to compute the time required to complete various robotic

's, and then any arbitrary sequence of GDL robot moves could be thied. Subroutines
.be developed to provide outputs for other simulations such as GOSS and Network 2.5,

and se' on.
2 1bA
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Overview of the Solution Method

"The language GDL

GDL in its entirety consists of a language specification and a database layout. The
language carries the logical intent of the program, and the database carries the geometry. The
geometry is arranged in a hierarchical fashion to mesh wtiU with the approach taken with many
kinematics simulators. This implementation project utilized only a subset of the language
speciEca on portion of GDL. In this simple case, geometry was carried by a tag-point file as
provided as output from the Deneb Robotics package.

GDL uses TC" as its basis, with a series of subroutines designed to carry out the special
functions common to robots.

Subroutines for GDL

Logic is carried by subroutines named after their functions, as follows:

dmove(xysz,rxry rz ) (Delta move) - Moves end effector by translation x, y, z and

rotation rx, ry, rz.

grasp- Activate end effector (gipper).
movehome - Move end effector to "home" position (if one is defined).
inputd(polntvalue) - Examine digital input point "point" -nd place 0 or I in "value."
inputr(portstring) - Accept asynchronous data through RS232-type port and place in
"string."

niove(x,ypz,rx,ry,rz) - Moves end tffector to uanslation x, y, z and rotation r ,, ry, rz

(with respect to wrld origh).
outputd(point,value) - Place "value" at digital output 'point." Valid values for "value" are

0or I.
utputr(portstring) - Writes the data in "string" to asynchronous output "port."

pwait(p,vatue) - Wait until digital input point "p" becomes "value" (0 or 1). If plvalue a"
the time the instruction is exeutecd, the ins uctiu acts as a no-op.

release - Deactivates enM tffector (gripper).
setspeed(value) - Set maximum speed robot will use when moving between points (not

ariudig acc tion, and docc timo periods).
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It is possible to envision numerous other functions that may be embodied in subroutines,
but these represent the most universal cross-section of robotic actions.

Translaon method - lex and yacc; system to system finks

The UNIX utilities lex and yacc are used to create routines for translating between
systems. lex provides a lexical analyzer routine; yacc (which stards for "yet another
compiler-compiler") provides translation logic routines. These two utilities do not actually
perform any of the translation; rather, their output is "C" routines which .an be combined and
compiled. The resultant executable module will then be able to perform the actual translation.
Input to lex and yacc consists of descriptions of the lexicon and syntax of the language to be
translated. In this case, we are working with two sets of lex and yacc input; one to describe
the tmnslation from Deneb's simulator control software into GDL, and one to describe the
translation of GDL into AML. The process for creating a lex/yacc pair to use in translation is
as follows:

1. Develop data for lex. Describe the keywords in the input language, as well as
indicating all the special characters that must be handled (such as ":;o" and so on). Each
keyword becomes associated with a "token"; character combinations which are not
rcognized as keywords are passed through lx's routines in accordance with character
processing instructions.
2. Develop data for yace. For each keyword token handled by lex, there must be a
corresponding handler routine in yacc. This cwsist of "C" fragments which will process
input data as it is encountered, There is generally heavy use of recursive symbol
processing used in these desip tions to let symbols build up as they come in.
3. Run lex The out will be a "C" routine,. which is not usable by itslf; it must te
#included into the final roitine and combined with the ouwput of yac.
4. Run yacc. The output, again, is a "C" routine. It consis of the translation logic
produced by yacc to do the parsing and buildup of input dam- the "C" cone fragm ts
which you have supplied are included and set up to be invoked each time their

bsdi i pattern is recopize&
5. Compile and llnk the "C" to Into an executable module. The resulting
execTab will run u.i standud input and outpa is prvided by UNIX. Tterefore, t
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command line you key in to start the program will define the files to be input and output.

Notes about this process:

The lexical language descriptions provided as input to yacc follow a canonical language

description methodology and hence fit well with language descriptions published for modern,
structured languages. (Not all simulator and robot languages may be so disciplined!) Refer to

Harbison and Steele, Appendices B and C, which give a LALR(l) type grammar for C.

In the case of Deneb Robotics, additional processing was provided to handle a "tag
location file" which give the x, y, z, roll, pitch, and yaw values for each destination to which

the robot end effector will move. For this project, this tag file was used directly. In a more
complete implementation of GDL, this tag file would be converted into a hierarchical geometry

database.

The process of setting up language descriptions is performed once for each simulator to be
supported (here, Deneb Robotics) and once for each robotic language to be supported (here,
IBM's AML). In this project, the process results in two translators; one Deneb to GDL (which

we'll call Translator A) and GDL to AML (which we'll call Translator B).

Once translators have been developed for the Simulator-to-GDL and GDL-to-Robot

conversions (in this case Deneb-to-GDL and GDL-to-AML), system to system trslation is
accomplished as follows:

1. Develop action sequence on simulator. This includes selecting robot

end-effector positions in thme-space ("tool destination points") and teaching the simulator
what moves to make and actions to take.With Deneb Robotics, there may also be editing

of the simulator program ile to add specialized instructions that are not generatable
through mouse pokes

2. Exit simulator to UNIX; translate simulator program to GDL. In this case,

traslation from Deneb data to GDL is perfonmed using Traslator A.

3. Translate GDL to robot language. Translation from GDL to AML is performed

using Translator B. Examples I through 3 show the process of conversion (see next

pace):
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Example la: Deneb Robotics GSL Simulation Language for very simple program. Odd
numbers for coordinates are due to round off error in the simulator.

program p20

VAR
tpl, tp2, xpl, tp3, tp4: POSITION

begin
move to tpl
move to tp2
grab xpl at Ilnk4
move to tPl
move to tp3
move to tp,4
release xpl
move to tpl
move to tp3
move home

and p20

Example ib: Tag file giving cootdinates, of tag points In simulation

TAG: tpl
-0.00265667 399.948 259.964 00 0

TAG: tp2
-0.00319223 399.948 159.979 0 0 0

TAG: tp3
-434.979 -2.99345 259.959 00 489.9994

TAG: tp4
-434.980 -2.99413 159.974 0 0 -89.9994
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Example 2: Above simple program converted fr'cm GSL to GDL

/* ---- Source GDL generated from Deneb Robotics ---- */
double tpl[6] { -0.00265667, 399.948, 259.964, 0.00000, 0.00000, 0.00000},

tp2[6] { -0.00319223, 399.948 ,159.979, 0.00000, 0.00000, 0.000001,
tp3[6] { -434.979, -2.99345, 259.959, 0.UO000 ,0.000000, -89.99941,
tp4[6] { -434.980, -2.99413, 159.974, 0.00000, 0.000000, -89.99941;

*------------------------- ..------------ */
maino

move(tpl);
move(tp2);

graspo;
delay(1 000);
move(tpl);
move(tp3);
move(tp4);
releaseo;
move(tp3);
movehome0;

/* .............................................
/*--- end of generated GDL source --- *I

Example 3: AML source generated from above GDL source. Note that several coordinates are
intentionally left out because the robot supports only X, Y, Roll, and UP/DOWN.

--.....-................................................. */
tpl: NEW PT (-0.00265667, 399.948, 0.00000);
tp2: NEW PT ( -0.00319223, 399.948 .0.00000);
tp3: NEW PT ( -434.979, -2.99345, -89.9994);
tp4: NEW PT ( -434.980, -2.99413, -89.9994);

- SOURCE FROM GDL/AML TRANSLATOR
AMLPROG: SUBR;
PMOVE(TP1);
DOWN;
GRASP;
UP;
PMOVE(TP3);
DOWN;
RELEASE;
UP;
PMOVE(650,O.0);
END;
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Specialized Techniques Used in this Protocol

The very idea of introducing a neutral language into the process of translation sometimes

produces dread and loathing on the part of robotics software people, because they envision

much extra complexity and difficulty in accomplishing the translation. As it turns out, this

particular combination of languages (Deneb-AML) results in a very straightforward and

.readable set of routines. However, note also that AML-Entry for the IBM 7535 provides a

very limited subset of the functions of which robot controllers in general are capable, and this

project was a subset even of that. Therefore, a rigorous test of the GDL method would need to

include a more complex robot language as its target to be able to draw generalized conclusions

about the utility of GDL. However, even with this small test, some interesting points became

apparent

Deneb to GDL: The translation routine has to handle tag point locations and generate array

initializations. These arrays (which then become variable names in C) are given names

corresponding to tag point names. Conceivably, the user could disrupt the validity of the GDL
routines by giving tag pohits names which are reserved words in CI This could happen in

other ways when using Deneb Robotics also, as them is frequently the need to embellish the

logic in the simulation program with manually entered code.

Use of GDL routines: Since GDL routines are in "C," they can be compiled with any C

compiler. Routines must be provided, with their names corresponding to robot functions as

already mentioned. However, by supplying routines (for these robotic actons) which perform

other related specalty functions (not just robotic moves), a number of useful studies could be
performed, such as visual simulations of various types (depending on the type of system)
collision detection, timing simulation and production of output for other simulation programs
such as GPSS. Code in "C" can also be analyzed with standard C optimizers and the UNIX

program "lint" which checks for bugs.

GDL to AML: Conversion of GDL to AML turned out to be one of the more difficult parts

of this project, because translation is not as simple as just describhig GDL to yacc. The

problem here is that there are a number of machine-specific issues which must be overcome.

The major problem is the extremely limited nature of AML-Entry for the IBM 7535 robot. The

machine supports only two Z positioas for the end effector: UP and DOWN. Since the Deneb

Robotic simulator program allows oae to move the Z position with abandon, code had to be
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developed consistent with yacc's processing -nethod to keep track of changing Z coordinates

and then generate correct UP or DOWN -ommands in AML.

Summary of Conclusions

It was determined that conversion to C c,>uld be useful for more things than just

translation: many useful additional studies could be performed on robotic logic by converting

it into compilable C. Developing translators is not a particularly difficult task once one gets

over the learning curve of understanding how to use lex and yacc. Each robot controller poses

its own challenges to the translator developer, ranging from slight (for powerful, structured
languages like GMFs Karel) to intimidating (for machine-level codes required by Cincinnati

Milacron),

Simulator-to-simulator links are possible. An example would be a case in which it is
desired to move extensive libraries of routines from, say, McDonnell-Douglas PLA(7E format

into Deneb Robotics. Staidy would have to be undertaken as to how to map the languages

from one to the other. However, it is expected that loss of inkAligence would occnir pi imarily
at the target system, as the C" lariguage is general enough to represent almost anything

(assuming appropriate subroutines). Robot to robot links are possible also, for example

moving a library of movement routines from a robot being scrapped out to a new replacement.
From a practical standpoint, the complexity of this moothod is such that it is probably best

reserved for special cases, such as many-vendor sites and studies of critical robot applications

Sach as space-based and military systems.
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Abstract

The number and variety of computer systems one is likely to find
in any modern space or military system will be great. In a very
real sense the computer systems in such a project wll1 form a
committee of experts. As In any committee, it is Important to take
steps to facilitate the cooperation of the experts. This paper will
focus upon the cooperation of multiple expert systems.

A cooperation assistant will be proposed as a means of controlling

this Inter-expert system communication. Such an assistant will
Itself be an expert In the functionalities of and the pretocols
between the various experts In Its domain. It will on4!n meta-
knowledge about the structures and needs of these experts and
will be able to use this knowledge to coordinate their activit~es.

Introduction

In [1] the authors provided the motivation for Inter-expert
cooperation as a systems design consideration and proposed an
Expert Systems Cooperation Paradigm to categorize the various
types of Interaction. in this paper we would like to discuss the
possibility of a Cooperation Assistant (CA) responsible for
managing these Interautions. The CA will be responsible for
routing all expert system (ES) Input and output and resolving any
conflicts that might occur. We will begin by categorizing the ES's
In question and proceed to describe a message passing facility
based on a blackboard architecture [2]. We will then be able to
define the charter of the CA .nd discuss some. of Its more
Interesting duties. Finally, the utility of the CA will be
demonstrated via an example.
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ES Category

Many types of ES's have been proposed for monitoring and
controlling complicated electrical, chemical, and mechanical
systems [31. There has been a great deal of Interest especially in
the areas of diagnosis and scheduling [41. For the purpose of the
current discussion, we would like to simply divide these ES's into
those that monitor a physical system, those that control some
aspect of a physical system, and those that do both.

ES Category I
The majority of the intelligent systems in use today fall under the
first category. All pure fault diagno is and prediction ES's are
desigred to monitor and Interpret sensory data in an attempt to
isolate and find justification for any Irregularities. In general
they do not, however, .sct on their conclusions. A scheduler has a
similarly passive approach. They usually suggest a sequence of
events, given the tasking requirements and resource constraints,
but do not actually administer the schedule.

ES Category II
ES's that are responsible for actually controlling a physical
system are less common. Repair ES's and the general category of
control systems do change their environment. Such systems must
be extremely reliable and predictable.

ES Category ill
The authors believe that the third category, those ES's that both
mo'itor and contro! a physical system, should be avoided If
possible. This is what is referred to as a closed loop: a computer
system that has complete responsibility for some system In that
it can detect, interpret, and correct any problems. Although
Intelligent systems may prove valuable in such applications, the
task should be broken down into more manageable components. As
will be evident In our discussion of the CA, a network of ES's with
lmited, well-defined duties will bG more reliable.

The Blackboard Architecture

A blackboard, as described in (2J Is a method of centralizing
communications among a set of computer systems. In our case,
the backboard will serve as an input/output buffer between the
CA and -the ES's. Each ES will have a particular section of the
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blackboard with which to communicate. The CA will have access to
all sections of the blackboard, but each ES will be limited to its
own area. Also, there will be no direct communication links
between ES's. In this manner, the blackboard will serve as a
controlled access, centralized communications area.

The analogy in our case is little different than the one usually
given to explain blackboard architectures. Suppose we allow a
group of people to talk to one and other only by writing their
messages on the small blackboard we have given each of them.
With this restriction they are given a task which will require them
to communicate. No one may look at any blackboard other than
his/her own. One member of the group, the coordinator, however,
is is allowed to read and write on any blackboard. This person's
responsibility then is to relay any messages to their appropriate
destinations. As we shall see, the coordinator might also try to
monitor the group's proqress by noting the messages as they pass
by and detecting any conflicting messages. For example, if one of
the group members has a distorted view of the state of the task,
the coordinator will be best able to notice this by comparing that
person's messages to those of the others.

THE REAL EXPERT BLACKBOARD COOPERATION
WORLD SYSTEMS ASSISTANT

MONII JRING.,

ICONTROLLING:
PHYSICAL ESI ... ESN
SYSTEM SY

MONITORiINGL AND
CONTROLLING:

IES1 ... ESN

.. .. ... ... ..... . I I

Ng 1. System Schernatic
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The Communications Assistant

The above discussion brings us to the point where we can define
the duties of the CA. Fig. 1 shows a schematic diagram of the
system as it has been described so far. Note that no ES can
communicate another accept through the blackboard and, by
extension, the CA. Fig. 2 shows a more detailed view of the CA.

Input
from

-Message -- am, Conflict State-of-the-System

RDetection Knowledge
Rule Base Base

O utput to %- .-..-

Affeuted No Conflict Colitonflict

Determine Apl
Affected W*-'-ynmi
ES s Conflict Cnlc

cnntt r o Resolution potiL ule_ -1se Bs

Fig 2. The Cooperation Assistant

The CA will have four main responsibilities: routing messages,
detecting message conflicts, resolving these conflicts, and
maintaining a log of all communications. The message routing and
log maintenance should be straight forward matters, so we will
concentrate here on the conflict resolution portio,,s.

The Conflict Detection (OD) Auto Base

The CA will contain a Conflict Detection ru!e base that will be
used to compare in-coming messages to the current State-of-the-

172



System knowledge base in search of inconsistencies. This rule
base will capture meta-knowledge pertaining to the ways in which
the inputs and outputs from the various ES's should compare. It's
rules will be designed so as to detect an aberrant message from an
ES in much the same way any diagnosis ES searches for
inconsistent readings. In this sense, the CD is really a meta-ES,
that monitors the other ES's as they do the physical system.

The Conflict Resolution (CR) Rule Base

If the CD finds something in an incoming message that conflicts
with the current State-of-the-System knowledge base, it will
proceed to the CR rule base which will try to decide which ES is
right and which is wrong. This rule base will be designed to
determine whether the in-coming message is indeed the aberrant
one or if the State-of-the-System knowledge base is in error. The
CR will take into consideration the Conflict knowledge base which
contains a history of past conflicts.

An Example Message

Suppose we have an ES called PUMP7-ES that is responsible for
monitoring PUMP7 and an ES called TANK2-ES that monitors
TANK2. Also suppose that the output from PUMP7 flows through
VALVE345 and into TANK2. Now, PUMP7-ES puts the following
message in its portion of the blackboard,

(PUMP7-ES:TEMPERATURE-OUT 112)

Once the CA parses this message it passes to the CD which might
contain the following rule,

(IF (> (TEMPERATURE-DIFFERENCE (PUMP7-ES:TEMPERATURE-OtlT)
(TANK2-ES:TEMPERATUFnE-IN))

10)-
(THEN (SIGNAL-CONFUCT 529)))

It, according to the current State-of-the-System knowledge base,
TAN'<2-ES:TEMPERATURE-IN is greater than 122, the message will
be passed to the CR knowledge base. The rules in the CR are a
little trickier. One might look something like this,

(IF (> (STANDARD-DEVIATION PUMP7-ES:TEMPERATURE-OUT)

173



5)
(THEN (DECREMENT-CERTAINTY-FACTOR

PUMP7-ES:TEMPERATUE-OUT
0.5)))

And, if TANK2's in-temperature should be more stable, there might
be a rule like this,

(IF (> (STANDARD-DEVIATIONTANK2-ES:TEMPERATURE-IN)
2)

(THEN. (DECREMENT-CERTAINTY-FACTOR
TANK2-ES:TEMPERATUE-IN
0.5)))

Through rules like these, the CR would try to determine whether
PUMP7-ES's message is wrong or if TANK2-ES's perception of its
in-temperature is wrong. If neither of them seems to be
misbehaving in any other respect, It might decide that the're is a
problem with VALVE345 or some component near it.

In any case the CA must lastly decide which of the other ES's

(perhaps a repair ES) need to be given a mesages.

Conclusions

As we have seer, the CA will act much like an upper level manager
who gets reports from his department heads. Uke the CA, he reads
the reports he gets and send out memos to those departments
which are affected. If the report was from shipping saying that
they didn't have enough to do, he might send a memo to the
production and finishing departments saying to get on the ball. Or,
If his files on the shil;olng department show a lot of complaints,
he might send a memo back to them saying that they might want to
take the time to do a better job.

The CA is best thought of as two meta-ES's, the CD and CR. Note
that ta.ey are the only ES's allowed to communicate directly with
one and other. This is necessary given the nature of their tasks.
The CD is a category I ES that monitors the other ES's via the
blackboard. The CR is a category 11 ES In that It's decisions might
actually affect the other ES's.
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ABSTRACT

The comparison of programming languages is best seen while evaluating
similar systems. This paper will investigate the strengths and weaknesses of
both languages as the scheduler is being implemented. Some features used in
both languages shall be object-oriented paradigms, parallel programing,
search and production heuristics, and other classical Al implementations.
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ABSTRACT

Present optical systems designed to gather 3D data over broad fields of
view use raster scan techniques to move a narrow transmit beam and the receiver
field of view over the region of interest. This requires delicate mechanical
scanning <, vices and relatively long data acquisition timas to map the region.
Data distortion under dynamic conditions is inherent, and the system is prone
to detection by hostile sensors. A system concept is proposed which, through
the use a single laser transmitted pulse and multiple optical receivers with no
moving parts# largely eliminates the above deficiencies.

I. WROJCTION

Complete 3D data over a broad angular field of view and depth of fild

can be gathered based upon the reflections from a single transmitted laser

pulse. No mechanical s, inning is required and the data represents a true 30

"snapshot" of the subject scene. Covert operation is enchanced as a result of

the sparse laser transmissions required. The eye safety characteristics of the

system are also enchanced. The absence of delicate scanning mechanisms

provides an inherently more rugged design. The 3D data acquisition rate for

the system is approximately 150 times greater than that of a typical scanning

system.

Proprietary coding of optical shutters in each of the multiple optical

receivers penits the number of such receivers to be reduced to a very practi-

cal few. An alternative configuration of the system reduces the number of

receivers required to one, at the expense of increased data acquisition time.

In such a configurationo equivalent data can be gathered by transmitting and
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~'"ssinq reflections from a small number of laser pulses - this number being
i~ual to the number of receivers in the multiple receiver configuration.

This new sensor concept (LORDS) has potential application to a broad
range of target or scene analysis problemso both Ir. the near and long term.

II. DESCRIPTION OF THE LORDS CONCEPT

The LORDS system configuration and its operation can be best desclribed by

sequentially building on the basic concepts of a 2D camera and range dis-
crimination techniques associated with radar principles.

Clearly, the simple 20 camera shown in Figure 1 will provide an image of
the scane within its optical field of view. Light normally reflected from ob-

jects or surfaces within the scene is focused on the image plane of the camera.

The sou-ce of this illumination is normally provided by background light
originating from the Gun@ moon or stars or otherwise by man-made light sources.

This illumination is constant during the time when the camera's shutter is
open. The total light energy focused on each small pixel of the image plane is
proportional to the reflected li ght level from that portion of the scone
(corresponding to that pixel) Integrated over the shutter open time. The 2D
light image thus recorded provides high angular resolution but no information
as to the distance (range) of the object surface from thea camera*

Assume, for the moment# that all above background illumination 'Is
eliminated ande in Its stead, the scene s illumninated only by a short impulse
of light trans.mittod at the camera location at time To. If the camera shutter
is opened for only an equally short impulse at a time Ts (after To)* then light
i-eflected from the scene will be captured on tile camerals Image plane only for
surfaces within the scene lying at a specific distance frcm the Camera. This
distance (range) is that Which provides a round trip delay time at the speed of
light equivalent to Ts - To. Thus* light focused on any pixel indicates that a
surface exists at that range and in a direction defined by the pixel location
on the Image plaole. 'A true 30 Image Is thus implementedo sensitive how~ever
only to surfaces lyi.;ig at a specific distance from the camera. Sy transmitting
multiple light impulses and sequentially Incrementing the camera shutter open-
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Ing time with respect to the transmitter impulse time, a sequence of images is

formed, each of which represents the angular direction to surfaces in the scene

at sequentially increasing ranges. Such a system is shown in Figure 2. The

transmitted impulse is laser generated with narrow spectral width and the opti-

cal filter in the receive optics is centered at the transmitted wavelength.

This filter serves to reduce the effects of interfering broadband background

illumination on system performance.

The system thusfar described requires that, for a mapping of q resolution

cells in range, q illuminating impulses be transmitted and q corresponding

images be formed. Available camera CCD arrays require l/60th of a second to be

read and stored for analysis. With this limit on image capture time, it will

require q/60 seconds to gather all of the 3D data from the scene. Thus# for a

reasonable number of range resolution cells, at least several seconds are

required to gather all data. During this period of time, the scene must remain

relatively unchanged and the relative position of the scene with respect to the

sensor system must be relatively stable. If not, the mapped data will be un-

avoidably distorted. Fortunately# means are available to significantly reduce

this data acquisition time. These methods are the essence of the LORDS concept.

The typical sequence of illuminating impulses and camera shutter gates

for the previously described system is shown in Figure 3a. For illustrating

simplicity# it is assumed that only 16 (q = 16) range resolution cells are to

be mapped# thus 16 images are to be formed. A scene surface at any specific

range will appear in one (or at most 2) of the 16 images formed, and at a pixel

location(s) according to its angular direction and extent with respect to the

camera boresight. In Figure 3b# a more efficient means of gating the camera

shutter is shown which requires only 4 illuminating impulses and effects the

same result as above. Here, the shutter is gated by the 4 waveforms shown

which together form a 4 bit binary coded representation of the 16 states shown

in Figure 3a. In this case, a scene surface at aty specific range will appear

in 1 2, 3 or all 4 images and In an order dependent on its range. Some typi-

cal examples are shown. The pixel positions within these images are still de-

pendent only an the angular direction to the surface. Analysis of the 4 images

will provide the same inherent data as the previous 16, given a little added
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processing time to decode the data. What is conceptually important is that

with these methods, total data acquisition time can be substantially reduced.

For instance, if a pure binary coded gating sequence could be used and 512

range resolution cells were to be mapped, only 9 illuminating impulses and cor-

responding shutter gating waveforms need be used. This represents a reduction

in data acquisition time by a factor of almost 57. For an image capture time

of 1/60th of a second, the complete 3D image data can be captured in 150

mil i seconds.

While this capture time may be adequate for many applications* it may

still be insufficient to gather distortion free data on dynamically changing

scenes or from rapidly moving sensor platforms. However, a true "snapshot"

capability can be realized by adding hardware to the system. By providing a
multiplicity of receiving optics, shutters and cameras (for instance 9 parallel

rAcivers for 512 range resolution cells) all required data can be gathered

based upon the reflections from a single transmitted laser impulse. Such a

system is shown in Figure 4, and is the ultimate implementation of the LORDS

concept. Here, a single laser transmitter and 9 identical optical receivers

are arranged with their optical boresight axes parallel and as nearly colinear

as physical constraints allow. Each receiver shutter is gated with a different

waveform, each synchronized to the single laser transmission pulse. The com-

bination of these 9 waveforms form a 9 bit binary code which unambiguously

defines the 512 range resolution cells to be mapped. Each receiver provides a

sivigle image. Analysis of the 9 total images will provide the complete 3D data

for the scene to be mapped. If camera focal plane arrays of 512 x 512 pixels

are used (for instance) a mapping volume of 512 x 512 x 512 resolution cells

can be achieved. Data acquisition time is essentially the round trip delay

time to the maximum range of the mapping volume (i.e. 10 microseconds at 1500

meters). Thus, the scene is truly taken in "snapshot$', and distortion is

eliminated.

11. SYSTEM IMPLEMENTATION R.STRICTIONS

The ability to implement a practical syst -, employing the above described

concepts is presently limited by availability of several critical components.
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Foremost of these are the following:

1. Narrow pulse high energy laser transmitter for scene illumination.

2. High speed electric shutters for the camera.

3. Reasonably large CCD photosensitive arrays for image capture at the

camera focal plane(s).

Large focal plane arrays of high sensitivity presently exist only for the

visible light spectrum (below 1 micron). To achieve range resolution

capabilities of 1 meter (for instance) the generated la -er pulse width and cor-

responding shutter gate times must be 6 nanoseconds. Correspondingly faster

operatiot is required for better resolution. A high speed electronic shutter

can be realized by gating an image intensifier consisting of a photocathode to

convert incident photons to free electrons which are then multiplied by a

microchannel plate and then strike a phosphor screen. Here the electrons are

converted back to photons# which in this application, are received by the COD

array. Photocathide material of high quantum efficiency (to provide the

required optical sensitivity) is available only in the visible light portion of

the spectrum. Thus, present component availability restricts a LORDS type sys-

tem to operation in the visible spectrum. As such, its performance potential

is inherently limited by background interference from solar radiation and opti-

cal attenuation in adverse weather conditions. Accepting these restrictions*

system capabilities are further subject to the ability to generate high energy

laser illuminating pulses to sufficiently compete with solar radiation inter-

ference o I'burn thiough" the atmospheric attenuation associated with adverse

weather. The following section provides some insight into system performance

which can be achieved with presently available component capabilities.

IV. SYSTEM EEJOO(WANC POENTIAL

The ability of the system to provide accurate 3D data requires that suf-

ficient optical energy can be focused on the image plane(s) as a result of the

laser illuminating pulse. This energy must be sufficiently greater than that

from normal backqround illumination and inherent system noise so that proper
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and accurate image decoding can take place. Computation of this available

energy is presented as follows:

Referring to Figure 2, energy reflected from any surface lying within the

Inspection volume will be imaged on one or more pixels V the focal plane of

the camera. A general m x n pixel array is shown. The inspection volume is

thereby subdivided into m x n corresponding angular resolution cells. This

volume is shown to be further subdivided into q range resolution cells extend-

ing from the minimum inspection range (Rmin) to the maximum inspection range

(Rmax). The inspection volume is illuminated evenly over its angular extent

by the transmitted laser pulse. This can be achieved by employing 2 orthogonal

cylindrical lens to spread the transmit beam Into a nearly rectangular pattern

matched to the cameras' field of view ( 6A J B). The following computations

apply for each of the optical receivers of the LORDS system..

The illuminating energy density at any range (R) within the volume is:

ET 2Joules per square meter

where ET is the total energy of the transmitted laser pulse and the denominator

is simply the total area at range R over which this energy Is spread. The to-

tal energy passing through any resolution volume is therefore:

(A ae Joules

where (Rae )2 is the lateral area of the resolution cell in square meters at

range R. We will presume that any surface intersecting this resolution volume
is a Lambertian scatterer with reflectivity r at the transmitted optical

wavelength* and whose surface normal lI es at an angle 0 with respect to the

direction to the .senSor. The total energy reflected from this surface back.

towards the camera is therefore:

(AO 2) (me) 2  (r ) Joulas per steradian

where the third term above Is that derived from Lamberts' law of reflectivity.
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Of this reflected energy density, that captured by the cameras' receiving aper-

ture and focused on the corresponding pixel in the image plane is:

ET (RAO) 2 cos (AL Joules

(A 0R) ff R2)

where the final term represents the solid angle subtended by the camera lens

area AL at range R. Thus, the total energy Ep which arrives at each pixel is

expressed as follows:

EE= (A:R ( c L  (AS) 2 (L) Joules

where the final term L reflects all system losses such as losses in transmit-

ting and receiving lenses, optical filter losses, atmospheric transmission

losses and unavoidable spillover of the transmitted beam pattern beyond the

cameras' angular field of view. For the worst case of energy reflected from

surfaces lying at the maximum range of the inspection volume, the above expres-

sion can be transformed into a more useful form via the following Identities:

0 1 max = Amax (the area viewed by the camera at the rear of the

inspection volume)

AL=f2 (where f and f# are the focal length and f number of the

'= (#)z receiving lens)

AOL (where p is the lateral dimension of a pixel in the

focal plane)

Applying these identities:

Er cos L 2oEp A -x 4 U 2  Joules

The minimum required energy per pixel for a detection probability of P0 Is

given belam:
hc ( - z

= he 1n (I- P0.
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where: h = Plankes constant (6.624x10"34  joules sec)

c = the speed of light (3x108 meters/sec)

X = optical wavelength (assumed 0.5 microns)

n = quantum efficiency of microchannel plate photocathode

The received energy is focused on the photocathode of the image intensifier.

In the visible portion of the spectrum* photocathodes are available with quan-

tum efficiencies of 20%. Thus,

Emin = 2x40 18 in (1-PD)"" Joules

where PD is the required detection probability at each pixel for all of the

multiple LORDS cameras. If the LORDS system uses N cameras and each of the N

image planes consist of m x n pixels, then an error free 3D snapshot requires

correct detection in m x n x N pixels. Any single detection error will create

an error in range position in one angular resolution cell. If we arbitrarily

take this as acceptable performances then the required detection probability

per pixel WD) is such that;

1
S- PD r - probability of 1 error

therefore:

Emtn a 2 x 10-18 1n (mnN)

Equating this to the received energy per pixel from EQ 1 and solving for the

required transmit energy:

ET =(x 0 ., (f #.) 2 U (n WIN) Amax

(p) 0Cos

To compute the required transmit energy, tite following parameters are assumed:

r cos = .1 (worst case target reflectivity)
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f#= 1.2

p = 50 microns (typical of CCD arrays)

m = n = 512 (providing 512 x 512 angular resolution elements)

N = 9 (providing 512 range resolution elements)

L= ~ e 6  
max)

L= e-
4V

The loss term (L) assumes 6db of optical losses in the system itself,

with the exponential term accounting for the total round trip atmospheric at-

tenuation due to scatterers (fogs haze, rain, etc.) at the maximum range Rmax

and for a visibility V. The latter is defined as the range at which the con-

trast between an object and the background is decreased by 98% from that in

clear weather.

Applying these parameters, the transmit energy required is:

ET = (2 .7 x 10-61 Amax

The above expression assumes no interference from competing background

radiation (i.e., dark nighttime conditions). Under daytime conditions the

systems' illuminating energy density in the mapping volume must be sig-

nificantly greater than solar radiation intensity integrated over the cameras

shutter gate time. The ratio of laser to solar illuminating energy density (K)

at maximum range and within the receivers optical bandwidth can be expressed as

follows;
ET

%ax

where Is is the sun's radiant intensity, Xf is the bandwidth of the receivers

spectral filter and T is the shutter open time. The latter is as follows:

where the term in brackets represents the arrival tim difference between laser
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energy reflected from the two extremes of the mapping volume. The factor 1/2

accounts for the 50% duty cycle of the binary coded shutter waveforms over the

range acceptance window. Note that the energy ratio of EQ 3 includes no ef-

fects of atmospheric attenuation. It is assumed, as a first order

approximationt that this attenuation will be roughly equivalent for both solar

and laser illumination and is thus not a factor in the computation. Thus, from

EQ 3 and 4P the required transmit energy for daytime operation is:

ET = KI

where % Is the depth of the mapping volume (lmax - Rmin). Assuming a worst

case noon sun solar radiant intensity of 1400 watts per square meter per

micron, a spectral filter bandwidth of .005 microns and a required energy ratio

(K) of 20 db (for detection probabilities equivalent to that described

previously), the required transmit energy for daylight operations Is%

ET a 2.3 x 10- 6 (RDAma x )

In summary, EQ 2 and 6 above define the requi;ed laser illuminating

energy versus the size of the mapping region desired for night and worst case

daylight conditions respectively. For reasonably large mapping volume depth

(RD)* the transmit energy required for daytime operations is much groater than

at night and, for relatively short ranges and all but onerous weather

conditions, is not a function of weather. Thus, the mapping volume capability

of the system (RDAmax) from EQ 6 is daylight limited in accordance with avail-

able transmit energy as followss

%Am a4.3 x 10 ET

Equating EQ 2 and 6# the minimum visibility V for equivalent mapping
capability at night is computed as follows.

V-
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where all dimensions are in meters.

The maximum readily available transmit energy in the visible spectrum

with present technology can be provided by a frequency doubled NdYag laser.

Such devices can provide 0.25 Joules of energy at 2-3 nanosecond pulse widths.

With such a device, a LORDS system would be capable of providing 1/2 meter

range resolution within a mapping volume (RDAmax) as defined by EQ 7 of 100,000

cubic meters. Based on this and EQ 8# the Table I provides several examples of

LORDS mapping volume capabilities for various system optical configurations.

The configurations selected are restricted by the following practical optical

considerations in providing the required angular field of view at an f number

of 1.2.

a) lens diameter less than 10 cm

b) field of view less than 30 degrees

As a typical exampl taken from Table It LORDS could provide an accurate

3D map of a spatial volume extending from 139 to 250 meters in range and of

lateral dimensions at 250 meters of 30 meters by 30 meters (17 meters by 17

meters at the minimum range). This performance could be achieved In the worst

case conditions of clear day noon sun or adverse weather with visibility

restricted to 429 meters (approximately 1/4 mile).

Range resolution over the mapping volume is 1/2 meter (222 range cells)

and nominal lateral resolution less than 1/10th of a meter. With 222 range

cells required# a fully implemented LORDS system would require 8 cameras to

gather this data from a single laser transmitted pulse. Alternately, a single

camera system could be implementedo, for which 8 laser transmissions would be

required and all data gathered in 133 milliseconds.
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TABLE 1

SAMPLE LORDS CAPABILITIES

Amax Rmax Rmin Vmin

(HT x WIDTH) (Rmax - RD)

20 x 20 375 250 124 544

20 x 20 300 250 50 436

30 x 30 560 111 450 962

30 x 30 500 111 389 857

30 x 30 250 111 139 429

40 x 40 700 62 638 1377

40 x 40 350 62 288 688

40 x 40 175 62 113 344

SO x 50 900 40 860 1990

SO x 50 450 40 410 995

50 x 50 225 40 185 497

50 x 50 100 40 60 221

(NOTE: All dimensions in metors)

V. OCHUSONS

The LORDS system concept provides Interesting potential as a means of

rapidly gathering high resolution 3D data over useful mapping volumes. As

sucho it may find application in providing useful input for autonomous vehicle

navigation# target analysis sytamst ground mapping systems and the like. As a

result of its "snapshot" capability, the 31) data distortion associated with
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slower raster scan type sensors is eliminated. Since all data is captured from

a single laser pulse transmission, the system has inherent advantages when

covert operation is required. Unlike 'aster scan systems requiring sensitive

oscillating mirrors to scan the beam over the mapping volume, LORDS has no

moving parts and is thus inherently more rugged and reliable. LORDS is also

eye safe when compared to raster systems which pose a safety hazard should

scanning mechanisms fail and the transmit beam thus remain immobile in space.

Component limitations force the LORDS concept to be implemented in the

visible region of the spectrum (i.e., below I micron). This, in turn, limits

system range capabilities due to the effects of interferring solar radiation

and severe weather. However, reasonable capability can be achieved in all but

the most severe .veather conditions. Given the system's inherent advantages#

LORDS will find utility in those applications where distortion free, high

resolution 3D is a necessary input for associated operations.

While this paper has dealt with LORDS capabilities when operating within

the earth's atmosphere# LORDS also has potential for applications in space.

Here# the effects of solar radiation are somewhat more severe, but atmospheric

attenuation effects are eliminated.

The primary factor forcing operation into the visible spectrum lies in

the present unavailability of large "gateable" CCD arrays of sufficient sen-

sitivity in the near or far IR. Work in the development of such devices is

being carried out under various programs. Success in such endeavors will per-

mit LORDS operation in the IR, where both the effects of solar radfition and

atmospheric attonuation are significantly reduced. The resultant range and

mapping volume capabilities of the system would thereby be increased

significantly.

NOTEI Robotic Vision Systems of Hauppauge, N.Y. holds a U.S. patent covering

the LORDS concept.
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1. ABSTRACT

The transformation of an imaging tracker to a robotic controller will be
described. MDAC has developed a multimode tracker for fire and forget missile
systems. The tracker "locks on" to target images within an acquisition window
using multiple image tracking algorithms to provide guidance commands to missile
control systems. MDAC used this basic tracker technology with the addition of a
ranging algorithm based on sizing a cooperative target to perform autonomous
guidance and control of a platform for an advanced development project on
automation and robotics. A ranging tracker is required to provide the positioning
necessary for roootic control. This project was part of MDAC's Space Station B
effort. A simple functional demonstration of the feasibility of this approach was
perfor med and will be described. More realistic demonstrations are under way at
NASA-JSG. In particular, this modifted tracker, or robotic controller, will be
used to autonomously guide the Man Maneuvering Unit (MMU) to targets such as
disabled astronauts or tools as part of the EVA Retriever effort.

It will also be used to control the orbiter's Remote Manipulator System (RMS) in
autonomous approach and positioning demonatrationa. These efforts will also be
discussed.

2. INTRODUCTION

McDonnell Douglas Astronautics Company (NDAc) has been developing imaging tracker:3
for various Army battlefield applications for the past eight years. This
technology uses two dimensional imagery from visible and Infrared cameras with
tracklng. algorithms eor target acquisition, lock on, and guidance of a fsro and
forg7et mlasile or for atonomously pointing a laser designator. Field demonstra-
tions of the current 'te-of-the-arst have been very promising.

With ?DAC's participatlon on the Phae 13 Space Station Program, a need fora
Implementation of Automation and Robotics (A&R) on the Space Station was created
by a ConiV'essional 4andate ror a technology t1!u in A&R. Studies performed at
14DAC Indicated that a major area f(r immediate A&R application contoe.ed on the
atutronaut%'s extravehicular activity. The approach selected by MDAC focused on
creaIng an astronaut's aide which wuld reduce tho ph.vlcal labor of' material
handling and boredom resulting from visual inspect ion nd monitoring funet tons.
The Implementatlon of this approach would use as much of the exlsting NASA a1nd
other DoD capability as available. The existing hardware building block-s were
(1) the existlng Orbter Caeras as the sensors, 0?) the Remote !hManilp lator Arm
System (TINS) on the Obiter as the mechanical arm, (3) the Mln Maneuvering Unit
(MMU) as a platform, and the IhAC Imaging Traeker as the signal, data and control
processor. The following sevtona of this paper describe the Joint efWort
between NUAC and NASA-JSC in transorning the Imagig Tracker Into a Robotic
Cottroller for t vanicty of A&R space applications using thiese buillding blocks.
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... '' o, ',; t-'acking systems for aritl-armoi weapons since the
c~u ,v j.19803. ", , system was for Tankbreaker, & fire-and-forget missile.
*.t , oystem :-quixed high performance tracking in a highly cluttered hostile
envrirnment with countermeasures while occupying the small volume allocated bythe missile. Missile guidance functions were also performed by the tracking
syn, I em.

$'.!',. aokaged volume and system performance were critical to thi system, a
povrir;mable based tracker design was chosen. However, image processing tracking
al',cr'thms are calculation intensive, requiring a special purpose Eignal processor
dcdicated to the function. System architecture and proper partitioning and
allocation of the functions to the hardware was critical to prevent a computation
bottleneck limitIng the required performance. Figure 1 shows the architecture of
the multimode tracker.

RAM Video Data
Memory

I IVide o Prepro ce ss o r  Z8o0-

am Brightness and Interface Nm Executive/Control
.contrast a Video DMA control |processor

Camera * Video windowing U 673 address control Controls all 1/0
taElect zoom s Z8000/673 racking ra MD•Scene statistics communication | sequencing

|function

VCS .M MDAC 673 akPROM nstrufgato
e 64-bit parallel p Image processor e mntStore

instruction Performs high
writable spee tracking vie Data wito th
control store algorithms , A/D-DI

i Cursor p MDF

c n no h Operator monitorVideo Tape,F Recorderl (A Operator Monio
t k oControli

Figure . MDA 673 Tracker Configuration

mhe tracker is partitioned into three functional elements: video preprocessor,an image tracking processor, and an executive/control processor. These parti-

tioning boundaries optimize the performance by allocating specific tasks to stagesto maximize the throughput of the system.

The video preprocessor conditions the video image signal to match the throughput
of the next stage, image tracking processor. To match the video data with the
bandwidth of the ieimage track processor, data compression is performed by eitherexcluding regions that are of no interest or by pixel averaging. This stage

enhances and bandwidth limitst te t inl t c he requirements of theimage tracking processor. Four functions are performed: video gain and bias

compensation, processor windowing, hlstogrammng and reformatting the image for
track processing.
The image processor MDAC 673 is a high speed, 10 MOIPs, special purpose 64 bit
microprogrammable signal processor. All high speed image tracking functions are
performed by the 673., Six concurrent tracking algorithms are performed in the
multimode tracker, 1) centroid, 2) correlation, 3) conformal gate, 4) guard gate,
5) coast mode, 6) moving target indicator. Ranging to the target is also computed
based on image size. The primary trackers are centroid, correlation and conformal
gate. Centro ' d is a contrast tracker that finds the center of the target
exhibiting intensities above or below a controllable threshold. Automatic gate
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sizing boundaries are reoomputed and adjusted each frame. Cbrre-latllon le a a
feature tracker that traoks by findtng the best match of a video referenoe ,1' a
previous frame and the scene. Conformal gate is a statistical tracker that
classifies as either background, target, or unknown. This tracker finds the
target boundary and maintains the tracker gate size to enclose the entire target.
Each of these trackers exhibit different strengths and weaknesses. Under the
direction of the executive/control processor, these differences are exploited.

The executive/control processor directs the operation of the trackers. When it
detects that one of the trackers is going astray, either by loss of track quality
or aimpoint, it reinitializes the tracker, thus maintaining a strong lock. The
executive/control processor also performs all I/O for the tracking system. This
multimode tracker was designed to provide the capability of missile guidance as
well as track functions. Therefore the executive/control processor not only
directs the executive functions of the multimode tracker but also uses these
results in computing the guidance commands and pointing the image sensors. All
I/O functions are provided by this stage, thus relieving the image track processor
from a heavy burden and allowing the high speed computations required. Operator
control is provided by both a hand controller and CRT terminal link.

4. ROBOTIC CONTROLLER DEVELOPMENT

A Congressional Mandate sought to provide an A&R technology insertion thrust into
NASA's programs such as the Space Station. However, the budget was limited and
time for incorporation on the Space Station very short. MDAC had identified
areas of focus for A&R with robotic assistance to EVA activities being high on
the list. Joint planning meetings between MDAC and NASA-JSC resulted in the
guidelines of using existing technology in a functional feasibility demonstration
of tracking, guidance, and control as the most appropriate for showing the near
term capability of supervised autonomous (Telerobotic) control of mechanisms such
as the Orbiter RMS arm and platforms such as the MMU. MDAC Imaging Tracker could
certainly guide an object such as a mechanical arm or platform to a target but the
tracker would require range information for it to do positioning. Therefore, an
algorithm to estimate range based on target size was incorporated with the basic
tracker algorithms. The MDAc Imaging Tracker being primarily a software driven
system was well suited for being reprogrammed to incorporate ranging with the
tracker guidance to perform relative positioning.

Fucntional demonstrations of relative guidance and positioning using a wheeled
platform being guided by the MDAC Imaging Tracker were developed by MDAC and JSC.
This Advanced Development Project was proposed as an add on the MDAC Phase B Space
Station Proposal in March of 1985 and the demonstrations performed in July.

5. EVA RETRIEVER AND MDF EFFORT

A joint effort by four divisions at NASA-JSC was undertaken in 1987 to develop the
technology and demonstrate an EVA retriever for astronaut rescue in the event that
he becomes separated from the shuttle or space station. Under a contract with the
NASA-JSC Tracking and Communications Division, the MDAC multimode tracker was
mounted on a free wheeling robotic platform and modified to perform autonomously
the telerobotic functions of search, discriminate, designate, acquire, and guide
the robotic platform to a specified target. All functions are passively performed
by processing the video image. The tracking robotic controller under supervisory
control of an operator automatically searches a field of regard for a previously
selected object. Once an object appears in the camera's field of view, the multi-
mode tracker scans the object to determine if it is the selected one. If not, it
continues to search until the selected object is found. Once found, the tracking
robotic controller initializes the robotic platform by aligning the camera's
boresight with the platform wheels, calculates guidance commands and controls the
platform motion towards the object. Range is determined from image size. Once
the robotic platform reaches an engagement range the robotic tracking controller
tops the motion and is ready to command target grappling. Demonstrations of
these functions were performed in July 1987.

The tracker also is used to provide automatic acquisition and tracking functions
to an EVA Retriever developed system operating on an airbearing table in Building
9 at NASA-JSC. This EVA Retriever consists of a modified MMU, a television
camera, a 3-D laser ranger, a voice recognition and synthesis system, two robotic
arms with grappling mechanisms, and a guidance and control computer. The MDAC
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..ul-imode tracker crovides automatic acquisition and tracking functions to the
guidance and control computer. The EVA Retriever program is a 3 phase program with
each phase lasting one year. Performance of the system improves each year until
a complete autonomous retrieval is demonstrated on the airbearing table and the
system technology is ready for a shuttle demonstration.

Autonomous guidance and control of robotic arms will be required for servicing
space satellites. The MDAC robotic tracking controller is also being integrated
with the Aanipulator Developmeit Facility (MDF) arm at the .Johnson Space Center to
demonstrate supervised telerobotic capacity to approach, position, engage, and
retrieve (or assemble) payloads under supervised but autonomous robotic control.
The MDF arm was chosen for this demonstration because it represents the implemen-
tation of teleoperation in space and can readily be used for the telerobotic
demonstration. The existing MDF shuttle software is used to control the arm's
movements. A small modification to the terminal interface of the MDF was made to
allow communication with the MDAC tracking robotic controller.

The tracker will process television camera signals to determine target position,
orientation and attitude to guide the MDF arm to the satellite target. Communica-
tion interface to the MDF system will be made through an RS232 link to the SEL
32/77 computer. The robotic tracker will monitor arm position and control movement
by issuing X, Y, Z, pitch, yaw, and roll commands as calculated dynamically from
target images. Initially, an operator will intercept and approve each arm motion
command. After successful integration, the demonstration will be repeated under
fully autonomous telerobotic control.

6. SPACE STATION AhzA SURVEILLANCE

The current Space Station baseline configuration includes a number of television
cameras to be used for area surveillance, including the monitoring of EVA
operations. These cameras are to be installed at various locations on the
external structure, as well as inside the pressurized zones. Images will be
displayed to the crew and/or transmitted to the ground.

Camera control includes pointing direction, zoom, focus and aperture. The current
baseline allows the camera control to be exercised from either an on board work
station or the ground. Since EVA operations will occur frequently and can last
several hours, a significant amount of IVA crew time will be required just to keep
the EVA ,bjects within the camera's field of view. Manually controlled camera
polnting becomes an especially demanding task when the zoom facility is invoked to
provide closeup viewing operations.

Supervised autonomova camera control for observation of EVA or other moving
objects, without the full attention of an IVA crew member, would significantly
improve crew productivity. The IVA crew could handle other work station taaks
while monitoring EVA activity on dedicated or shared monitors. The MDAC robotic
tracking controller tests are specifically designed to prepare for these autono-
mous functtons.

7. CMOS TRACKEHS

A d.etign of an advanced CMOS multimode tracker is currently being developed. This
packaged version schetued to be completed in 1988 is an advanced solution to the
high performance tracking problem. The implemented design combines proven
tracking techniques with the latest VLSI components to meet the requirements of
acquiring and tracking images in large fields of regard.

6. SUMNARY AND CONCLUSIONS

This joint 1DAC and NASA-JSC development demonstrates Ihe advantages of technology
transfer. Theve were major tavings made in development costs, schedule, and risk.
The key factor3 were the open communications that flowed between NDAC and JSC, the
support that the program offices at MDAC and JSC provided, and the breadth of
technology insight the participants had. Most certainly there will be better ways
to do these functions; however, rather than starting from scratch, the focus was on
pet-forming those key functional demonnstrat;i6rs with existlng, packaged, hardware to
win the acceptance of the concept by .he operational and management staffs so the
teinology would be inserted or provided for in the baseline prograw.
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ABSTRACT

Innovations in tube camera technology allow for
electronic stabilization of the video output image. This
technology offers a low-cost means to provide a stabilized
image from a moving teleoperated vehicle for steering,
isolation of the gunner's targeting image from weapon recoil,
and other disturbances. This may make possible both target
detection mid identification while the vehicle is in motion. It
will also provide for additional flexibility in a robotic vehicle
vision system by allowing scanning without mechanical turret
motion and providing capability to zoom without changing the
camera lenses.

An experimental system has been constructed, and a
preliminary demonstration of the concept has been evaluated.
This paper will present the results of this initial experimental
system and then focus on future research activities. It is
important to provide demonstrations of this technology in
realistic environments and conditions. This approach is seen
as a key towards acceptance of electronic stabilization
technology.

203



1.0 INTRODUCTION

Recent developments with tube-type video cameras have provided a mechanism for
electronic image stabilization for mobile robotic vision sensors. This technology offers a
number of advantages over current designs. The need for a stabilized gimbal platform can
be eliminated for systems in which the seeker is isolated from disturbances. Electronic
image stabilization techniques can substantially reduce system cost, weight, and power
requirements. In addition, electronic gimbaling can provide near instantaneous slew
capability to enhance tracking performance and seeker isolation characteristics.

1.1 ELECTRONIC IMAGE STABILIZATION CONCEPT

The concept of image stabilization can be easily understood by examining the
operation of video tube cameras. A simplified drawing of a typical vidicon tube is shown
in Figure 1. The camera lenses project the observed image onto the glass faceplate,
behind which is a photoconductive material. An electron beam is aimed at the
photoconductive surface. The beam current is directly proportional to the amount of light
reaching the beam spot. A set of magnetic ails focuses and deflects the electron beam in a
standard raster scan pattern,

Electronic gimbaling is possible when the raster scan pattern is reduced in size
(underscanned). The number of lines and sweep pattern are left unchanged; only the
magnitude of the deflection coil currents is reduced. Thus the photoconductive surface
area that is scanned is diminished. Adding a dc level to the horizontal deflection coil
current shifts the entire scan pattern either left or right on the vidi.on faceplate. To an
observer watching the TV screen, the camera appears to pan as the de deflection coil level
is changed. The amount of panning freedom (electronic gimbaling capability) depends on
the amount of uiderscanning and the camera optical field of view. This motion of the
entire scan pattern simulates the effect of a pitch/yaw gimbal set (see Figure 2).

Controlling the raster scan size allows for an electronic zoom feature for vidicon
cameras. The smaller the size of the pattern, the greater the zoom. A diagram for the
camera control system is shown in Figure 3. This zoom can coainue until the resolution

204



of the camera is reached. After this point, enlargement of the image is accompanied by
increased blurring.

Rolling the scan pattern is also possible by mixing vertical and horizontal scan
signals. Multiplying the two scan signals by sine and cosine of the desired roll angle, as
shown in the camera control system diagram, produces a tilted scan pattern. A four-
quadrant multiplier chip allows a full 3600 roll control of the raster scan pattern. Sine and
cosine terms are produced digitially in the camera controller processor.

A stable video image is achieved by measuring camera motion and commanding a
pitch, yaw, or roll deflection angle to compensate for that motion. Camera motion is
measured by using gyro angular information or integrating inertial rate sensors. Since a
scan pattern is generated every 1/60-second, the camera control commands can change at
this rate.

1.2 HISTORICAL BACKGROUND

This electronic stabilization of a TV seeker image was originally developed in the
Electro-Optical Simulation Systems branch at MICOM by a Government engineer, Bill
Phillips, and has resulted in MICOM invention disclosure AMP 4331. The concept has
also been successfully demonstrated on the Precision Deep Attack Missile System
(PDAMS) test vehicle. In the PDAMS program, a modified commercial TV camera was
used as the missile's seeker. The missile rate sensors provided signals for image
stabilization and autopilot pitch loop damping.

As a strapdown seeker, the tracker signal provided a guidance command as well as
rate term for the electronic gimbal. A block diagram showing a single axis of a tracker
loop for a traditional gimbaled platform seeker is shown in Figure 4 to contrast with te
approach using tie electronically stabilized camera tracker loop (see Figure 5). The
caera image is stabilized by commanding electronic gimbal angles that compensate for
missile body motion. The tracker error signal is multiplied by a gain term and processed
by a compensation network to provide frequency shaping. This processW signal is used as
an estimate of the target line-of-sight rate for missile guidance. The desired seeker
electronic gimbal rate to continue tracking the target is the line-of-sight rate minus the
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missile body rate. The desired seeker gimbal rate is integrated to produce an electronic
deflection coil command.

The PDAMS design was successfully simulated in a six degree-of-freedom
simulation. As the proportional guidance algorithm was being formulated, hardware-in-
the-loop testing added a high degree of confidence in the weapon's terminal performance.
The program culminated in actual field testing that showed acceptable terminal accuracy.
Rexham Aerospace and Defense Group (RADG) has played a key role in the PDAMS
program and the development of image stabilization technology.

2.0 BREADBOARD ELECTRONIC IMAGE
STABILIZATION EXPERIMENTS

Applying this electronic stabilization technique to robotic vehicles was a natural
extension of current RADG activities. Several current mobile teleoperated vehicles have
difficulties with induced image jitter while in motion. The sensors are typically mounted
on a turret assembly along with weapons, It is difficult to design a turret control system
that has both the high bandwidth to provid,t a significant degree of isolation from road
disturbances and the stiffness to hold counter weapon recoil forces. Such a turret would
likely be too massive to allow for the rapid angular control necessary to compensate for
rough terrain at moderate speeds. An in-house project consisting of a breadboard system
was set up to demonstrate the feasibility of electronic image stabilization for mobile
vehicles.

This effort used PDAMS camera and rate sensors to measure inertial motion. The
rate sensor package was physically mounted on the same platform as the camera to ensure
that measured signals were identical to those that the camera experienced. An IBM PC
clone controlled camera deflection coil dc levels providing for electronic gim~aling. A
Metrobyte data acquisition board was used to allow the input and output of analog signals
to the computer. An analog filter to reduce rate sensor noise was also included in this
configuration. A block diagram of the experimental setup is shown in Figure 6.

The camera control software included a bias estimation filter, a numerical
integrator to produce an angular measurement, and an output washout filter for vehicle
turns and gradient changes. The washout fdter smoothly moves the camera image back to
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the center of the screen; thus, high frequency motion jitter and other disturbances were
successfully removed from the output image. A block diagram of the camera control
software for this breadboard test is shown in Figure 7.

For the demonstration, a second camera was mounted on the turret next to the
image stabilization camera and the gyro package. The outputs from these two cameras
were connected to a split-screen device where the output of each could be viewed
simultaneously. This provided a dramatic comparison between the stabilized and
unstabilized cameras. The output of both cameras was recorded on videotape for a wide
variety of motions. To further demonstrate the system, the entire experimental setup was
placed in the back of a pickup truck. The video from the two cameras was recorded whik
the vehicle moved at slow speeds over rough terrain.

The experimental setup performed adequately, showing a marked reduction ir
image motion for the stabilized camera. There was some blur associated with the
stabilized image when compensating for high-frequency motion, and the cause of the blur
is under iuvestigation- Using rate sensors in this breadboard system had several
drawbacks, with gyro biases chief among them. A tilt sensor model is expected to case
design problems in the following phases. The conclusion drawn from this program is that
electronic image stabilization is possible and could provide significant improvement in the
image quality for a moving teleoperated vehicle.

3.0 FUTURE RESEARCH ACTIVITIES

The futdre in-house research activities for electronic image stabilization
technology include the following projects: improvements to reduce blur while
compensating for high-speed motion, elimination of y-Po bias, adaptation of te circuit
concept to color cameras, and enhancement of system interface. Concepts to eliminate
inertial sensors and other costly components will be pursued, The product of this research
effort will be a work'ng brassboard robotic vision system that is portable and is flexible
enough to interface with standard mobile robot sensor suiteg,

The PDAMS camera allows only for discrete zoom points. Continuous electronic
zoom is iossible and is part of our phase I! design. The roll control concept has beet
investigated by other researchers. Their approach, using vertical and horizontal
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deflection coils of the same inductance, has resulted in a power-hungry design. Our roll
concept will use low power resonate raster scan circuitry but wili contain dual coils for
each axis.

The electronic image stabilization concept can be applied to other tube cameras,
such as Newvicon and Ultracon, to allow performance under low-light situations.
Adaptation to color cameras is under investigation. A one-inch vidicon tube will allow for
resolution of 1200 to 1000 lines; for wide gimbaling applications, this must be increased.
Various techniques to improve camera resolution are being pursued for future systems.

In addition to camera development activities, alternative stabilization concepts arc
being formulated. Among the current promising concepts are (1) using the phase
component of the image FFT to provide the image stabilization signal and (2) high
bUndwidth image tracking. Both of these ideas may eliminate inertial sensors in the system
design, expand the electronic image stabilization concept, and broaden the potentia!

applications.
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Two Dimensional Convolute Integer Technology
for Digital Image Processing

Thomas R. Edwards
TREC, inc

An1 Incubator Company
A-0B Research Institute

University of Alabama in Huntsville

A demonstration of results from the application of Two Dimensional
Convolute Integer Operators will be presented. The results imr classical
replacement point convolutions and magnification by interstitial point
~jeneration will be displayed on a PC micro-computer with a high resolution
large screen (25 in) color graphics monitor.

The sensitive two dimensional frequency response of Two Dimensional
Convolute Integer Operators will be seen on a number of test images, ranging
from a noisy German Panzer tank image to Landsat data. Images of a noise free
tank without loss of detail, images of noise bands removed, families of edge
contours from low frequency (fat edges) to high frequency (t)-in line
boundaries), Laplacians, curls, magnification and feature extraction will be
presented.

Two Dimensional Convolute Integer Technology represents a family of
innovative image processing operators for high-speed, two dimensional
frequency-sensitive, theoretically correct classical convolutions,
interstitial point generation, and missing or bad value replacement. Two
Dimensional Convolute Integers Operators are mathematically equivalent to
partial derivatives, a correct approach towards curl, divergence, Laplacian
and gradient magnitudes and directions, and high resolution magnification.

This VAX-based PC-linked, high resolution, color image display
convolution software will be described along with TREC's Digital Image
Processing Environment in the Research Institute of the johoson R~esearch
Center at the University of Alabama in Huntsville*

TREC, Inc is tile first incubat.or company on the campus of thie UIniversity
of Alabama in Huntsville, aassociatel with the Center f~or Applied Optics and
the Center for Robotics and Artificial I.otelligeoce.

Mr. Edwards Obtained his gradiuate education in Physics from the State
University of New York at Buffalo and came to the Marshall Space Flight
Center/Space Sciences Laboratory via the National Acad1emy of Sciences Post
Doctoral Program. In 1984 he joioed TfREC, Inc to parsue t04 development of
Two Dimensional Convolute Integer Technology.

(PAPER Not St"11lED FUI PUBICATION)
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arguments [7]. This results in sums over nonzero basis functions in

the piece for evaluation for a given argument. Although tbis

approach is less intuitive, it is inherently more stable

computatioaally thereby providing better accuracy and requires less

storage for coefficients [8, 91. Currently, B-splines are defined

only as a function of one variable and as a result, multidimensional

modeling using B-splines is restricted to the tensor-product of one-

dimensional spaces of polynomial splines.

:n attempting to model six degree of freedom robots, one is faced

with the problem of B-spline modeling of functions of as many as six

variables consisting of tbree position and three orientation

coordinates. The tensor-product restriction requires the set of data

points to consist of all combinations of partitions of each of the
independent variables. Algorithms were developed for functions of

six variables which are straightforward generalizations of the w ,rk
of de Boor 1101 for implementing B-spline modeling in one and two
dimensions. In what follows, we descibe the results of applying

these algorithms to modeling computer-generated data for the

Stanford manipulator, a six degree of freedom robot with known
solutions.

RESULTS

The hyper-surface model ing algorithm was implemented ai:d tested

using computer generated data for the Stanford manIpulator, a six
degree of freedom robot with 5 revolute Joints and one prismatic
joint. All programs were written in Fortran and run on a Vaxstation
2000 workstation.

The data reouired for model derivation was calculated using the
forward and inverse kinematic equations reported by Paul 1I1). The
distance d,, between the coordinate frame fixed In link I and the
frame fixed in link 2 was assumed to be 200mm.

The results are presented in terms of the position, approach and
orientation vectors because they are easy to interpret

geometrically, The position vector describes the location of the end
effector. The approach vector describes the direction from which the

hand would approach an object. The orientation vector describes the
orientation of the hand from one side of the gripper to the other.
Specification of the end effector state using this nomenclature

requires nine parameters while the space is only six dimensional. To

Insure an independent set of state variables the end effector
position was described by cartesian coordinates and its orientation
by Euler angles 1Il).

The mod-ls were derived using data which spanned a hyper-box

subspace of the working envelope. The first three dimensions of the
box define a reetangular solid in tie reference coordinate frame and
the last three define the range of the Euler angles. The locatien
and size of the box are given in Table I. The ranges of the six
joints corresponding to this byper-box in t.~e reference coordinate
frame are given in Table ii.
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Table I. Dimensions of modeled region of the hyper-space.

Parameter Minimum Maximum Units
Value Value

x -0.60 -0.20 meters
y 0.25 0.65 meters

0.00 0.40 meters
* 33.75 56.25 degrees
* 33.75 56.25 degrees
* 33.75 56.25 degrees

Various models of this region of the work space were developed and
tested. The error analysis included both the errors in the joint
models and their partial derivatives and the error at the end
effector resulting from the modeled joint values. The joint errors
were calculated as the absolute value of the difference between the
modeled joint value and the calculated value from the analytic
solutions. The errors In the partial derivatives of the joint models
for the first three joints were evaluated by comparison with the
partial derivatives of the analytic joint equations. Partial
derivatives for the models of the last three joints have not yet
been evaluated.

Table II. Joint Ranges required to access the modeled hyper-space.

Joint tinimum Maximum Units
Variable Value Value

-55 -4 degrees
12 -90 -32 degrees

d2 250 950 mm
04 20 67 degrees

es 52 13) degrees
06 56 165 deprees

The end effector errors were calculated as the difference between a
commended end effector position and the position computed by
evalvatipp the analytic forward equations at the modeled joint
values. Errors in position are presented as the magnitude of the
error vector. Errors in the orientation and approach vectors are
presented as the angle betueen the cotroanded vector and the vectors
resulting from the modeled joint values. This angle Is computed from
the magnitude of the cross product of the acheived and desired
vectors.

220



The end effector errors were computed over a trajectory in the
modeled hyper-space. The desired trajectory was specified as a
diagonal line between opposite corners of the box defined earlier in
this paper. The position components of the trajectory were
increasing while the orientation components were decreasing. The
joint models were evaluated for 51 equally spaced points on this
trajectory.

Joint Errors

B-spline models of the joints were quite accurate when evaluated for
points not included in the model derivation. The rms, mean, and
maximum errors in the six joints of the Stanford manipulator are
presented in Table III. These errors were computed by evaluating the
models over the entire hyper-space at points equally spaced within
the intervals between the knots. All joints were modeled using 6
points per axis. The first five joints were evaluated at 3 points
per interval per axis. The last joint was evaluated at I point per
interval per axis. None of the joints were evaluated at the knots
because the error is theoretically zero there.

Table III. Error in Fourth Order B-Spline Joint Models

Joint RMS Maximum Mean
Number Error Error Error Units

1 .214RF-02 .980E-02 .163F-C2 degrees
2 .4 11 E-02 .492E-01 .207 E-02 degrees
3 .147F-01 .114F+00 .868E-02 mm
4 .44 2 E-02 .768E-01 .220 E-02 degrees
5 .616E-02 .867E-01 .260E-02 degrees
6 .4 67 E-02 .479F-01 .241E-02 degrees

Errors in Joint Partial Derivatives

The partial derivatives of the joint models with respect to x, y,
and z are denoted by I X, f yand f respectively. The errors in the
partial derivatives of the joint models reported in Table IV were
evaluated at the same points used in the joint error analysis
excluding those i, the outside subintervals, where the lack of
gradient information at the boundaries of the modeled region
compromise the performance of the models for gradient purposes.
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Table IV. Errors in Partial Derivatives of the Joint Models

Joint Differential Rms Maximum Mean Units
Number Error Error Error

fx .172E-04 .795E-04 .1OE-O degrees/mm
1 f .257E-04 .688E-04 .181E-04 degrees/mm

fz .450E-07 .133E-06 .370F-07 degrees/mm

fx .234F-04 .104E-03 .134E-04 degrees/mm
2 f .212E-04 .942E-04 .130E-04 degrees/mm

fz .214E-04 .129E-03 .148F-04 degrees/mm

fx .854E-04 .403E-03 .577E-04 mm/mm
3 f .107E-03 .443E-03 .740F-04 mm/mm

fz .873E-04 .336E-03 .568E-04 mm/mm

Errors at the End Effector

The graph in Figure 1 shows the magnitude of the vector between the
desired end effector position and the position calculated using
joint vlaues from fourth and sixth order models. All mode]s were
derived using six data points per axis. The minimum error occurs at
the knots, and increases as the distance from the knots increases.
The maximum error in each lobe of the graph occurs approximately
vidway between the knots. The first and last lobes correspond to the
ends of the calibrated area; the error in these regions is
significantly greater than in other regions of the trajectory.
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Figure 1. The eflacts of model order on end effectot position
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The errors in the angles of the orientation and approach vectors
over the trajectory are shown in Figure 2. As is expected the error
is greater near the ends of the trajectory, where the joint errors
were greatest.
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Figure 2. Errors in the angles of the orientation and approach
vectors resulting from fourth order joint models.

Parameters which Affect Model Accuracy

Model accuracy was affected by the position and number of knots, the
order of the spline, and the location of the modeled hyper-box.
lable V presents the errors in joint I for different order models
representing the modeled region of Table II translated in the hyper-
space. Model performance clearly improves with increasing order, 8

fact further substantiated by the overall effect of model order on
end effector error as shown in Figure 1. Comparison of the fourth
order result from lable V with the analagous joint I result from
Table III demonstrates the potentially profound impact of the
location of the modeled hyper-box on model accuracy.

Table V. rhe Errors in Various Order Models of Joint 1.

Bodel RMS Maximum Mean
Order Error Error Error

2 .193F+00 .105E+OI .117E+O0
3 .687E-01 .385E+O0 .294E-01

.362E-01 .239E+00 .134E-O1
5 .229r-01 .173E+O0 .714E-O?
6 .19SE-O1 .i47E+00 .735E-02
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The number of data points used to generate the models also has a
significant impact on their accuracy. The error in the end effector
position resulting fror fourth order joint models derived using six
and eight data points per axis is shown in Figure 3. Comparison of
Figures 1 and 3 reveals that the fourth order model derived using
eight points per axis performs nearly as well as a sixth order model
derived using only 6 points per axis.
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Figure 3. The effects of the number of data points used in model
derivation on end effector position error.

CONCLUSIONS

1he hyper-surface modeling technique results in extremely accurate
robot joint models which, when differentiated, accurately represent
the true partial derivetives of the joints. The error in the end
effector location, computed using the analytic forward equations,
resulting from the error in the joint models is also very sall.

The technique presented herein may be used for robots of any
configuration. It enables closed form solution of non-wrist
partitioned robots which previously required Iterative solution.

The models are of sufficient accuracy to indicate that they may
result in more accurate solutions than analytic solutions when the
robots differ significantly from the ideal. Common deviations from
the ideal include manufacturint errors and failure of the robot to
obey rigid body assumptions. These deviations are extremely
difficult to model analytically but may be handled very simply using
this modeling technique. If measured data as opposed to calzulated
data ave used to derive the models, the compensation for
manufacturing errors is automatically built into the models.
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Compensation for flexion of the linkage under load is also very

straightforward. The payload is simply included as another
independent variable in the models. That is, the data used for model

derivation includes various payloads as well as the joint and end
effector data described earlier. Except that the model becomes n + 1

dimensional no other compensaticn is necessary.

The relationships identified between model accuracy and model order,

the amount of data used, and the location of the modeled space may

be used to design robot joint models according to various design
criteria. They may be designed for different accuracies in various

regions of the work envelope or for moderate accuracy In end

effector orientation but extreme accuracy in position. If speed is

important the number of on-line calculations can be minimized

without jeopardizing accuracy by using lower order models derived

from a more dense data set or converting to the standard piecewise
polynomial basis.

The multi-dimensional modeling algorithm is appropriate for robots

for both space and commercial applications. Commercial applications
include robots which require extreme accuracy, very large or

flexible robots, and "loose" robots which require accuracy

enhancement to compensate for mechanically induced error.

The modeling algorithm is particularly well suited for space
applications involving very flexible robot designs. The ability to

incorporate compensation for link flexion on earth may prove to be a

very useful tool in the development and testing of such robots.
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Omnicon - The Self-Aligning Space Connector

May 1, 1988

Harlan S. Harman
Environmental Components, Inc.

Huntsville, Alabama 35801

Abstract

This paper describes a NASA patented self-aligning electrical connector that was invented in
December, 1980, by Keith Clark and Donald R. Scott, employees of NASAJMSFC.

The inventors and author of this paper feel that this connector has a tremendous application

not only as applied to Robotics and the Space Station but in many other Military and Industrial

applications.

This invention has gone practically unnoticed by the space related industry. Envirownextal

Components, Inc., a local space technology oriented corporation has applied for exclusive mann-

facturing rights and proposes to convert che invention into a product available for use by the

military, industrial and space industry.

Introduction

The elt-aligniug electrical connector as designed for Space and Robotic applicatious has beau

ittod the O4wMcon, Tit i@aicon is in the r"oess of being 'copyrihted.

The Qaicon wa* ivented by Keith Clark and Doald R. Scott of tASl"FC.

Throughout titi Ary 4nd aorospAce history wany lftoft-lainch holds or delays Wn 1aunth sche-

dub.s hav baou troced to. .propar oLectrical i such at, couvector contact resisktanc aw

bent eonnoa'or pidn duo to connector isitgotont and high 4to17tonal rTse dlan-

atnltol9eralw'es cc the tandard pita a1Ud 1ocket Aaprocugh04kini use in Space oauggrato the prob'-

bets qptrau oilo ground several tizos. It has been 4iatd :~ho =npuisting mulli A was suth 'As

ceniuetoCs in Space V101 sptia suit gloves ci', ca bve Ikeed. tcv~ytwA to button a shirc L at t.-n

4Ith b~oxing. glocas on1 Int the Case a space robots or aatipulttor Ow~n the task 4i orienotitg 4trw

.uain to lectrival )qst'ms bWCca evnnoetitticult* tho Inavencors of th06 l-ttpa~

spa" eoctftttoccor no 4doubt h"d AU. the%4 PObl4NU inl Mie and hAve beenf diapi to f the l ot

interest froma rte ospt e:0u-uty &Q.d %h 0te Utiuc of Oi- Invtioa iW response to~ a tomlndaible

tr~bkt. This .lacI k oi ralawonat Is0 wi doubt dee to the 1"U of ubkiza-UY and t0 deei~t requftre
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to transform the patent drawings to manufacturing drawings necessary for the fabrication of a

finished product.

Environmental Components, Inc. hopes to overcome these obstacles by publicizing this con-

necLor, and by producing prototypes and usuable hardware in direct response to the needs of the

various military and aerospace companies throughout the world. Our start will be the introduction

of this connector at today's symposium.

Environmental Components, Inc. solicits those companies or Government agencies with possible

applications and or problems to let them be known. At this time a standard line connector with

predetermined plug receptacle, pin arrangements and shell sizes has not been established. Every

order will be a special one until some standardization can be established. Environmental Components

plans to specialize in custom applications of this connector.

Applications

The viewgraph presents pictorially the many applications of the Omnicon. The Omnicon is

currently in the early stages of development. We have built a simple demonstration model and

anticipate being able to provide the connectors in limited quantities for use in approximately

twelve months.

Omnicon's applications are as broad as current applications for conventional connectors, with

the advantage of being easier to use. The Omnicon was invented specifically for use in space. The

Omnicon is simple to operate even under Zero G conditions. Many electrical connections are neces-

sary, for example during the exchange and ferrying of modules from an orbiting platform or space

station by the orbital servicer vehicle. In space the precise alignment in both the rotational and

translational directions necessary for conventional connectors is difficult and troublesome, and

simplified through the use of the Omnicon.

Design Considerations

The Onnicon can be fabricated from a wide variety of materials such as thermo setting plastics,

Lexan, RTV Silicones, Composites, Teflon, Ceramics, Stainless Steel, Aluminum, etc. therefore

making possible a connector that will operate under a wide range of environmental conditions such as

Temp. -400 degrees to +1000 degrees F

Humidity 0 - 100% R.H.

Radiation High Neutron Flux Density

Vibration High G2 vs Hz Capabilities

High Current carrying capabilities
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The prLseunt Ontcon design requires that the power be off before mating, otherwise undesireable

contactts or switching might occur. To overcome this limitation, Environmental Components has de-

signed an option of an Omnicon with a switching action that occurs during the 90 degree rotation of

the plug locking it into the receptacle. This is a rotary wiping switch action located either in

the plug or if desired in the receptacle which disconnects the connector contacts during the mating

action. Omnicon connector design requiring large numbers of circuits are available. This is pos-

sihle by resorting to the segmented contact design which would require plug orientation in the

radial plane. For instance, an Omnicon with seven (7) circular contacts could be converted to a

twenty eight (28) contact design by segmenting the seven ring contacts by four and not allowing the

plug to rotate with respect to the receptacle.

Basic Design Concepts

The Omr:con design will be more readily understood by referring to the following figures and

explanations.

Fig. 1 is a perspective view illustrating application of the Omnicon to a space vehicle and

removable module making electrical connection there between.

Fig. 2 is a perspective view illustrating the plug and receptacle components of the Omnicon

in a disconnected configuration;

Fig. 2A is a partial sectional view in elevation illustrating the mechanical connection of the

plug and receptacle components to their respective'module or Vehicle surface.

Fig. 3 is a perspective view of the receptacle component which is partially cut away to

illustrate the annular contact rings and their connection to the receptacle component;

Fig. 3A is a perspective view of the annular mating ring of'the receptacle component having

segmented spring-loaded contact surfaces;

Fig. 3B is a sectional view of the receptacle contact ring illustrated in Fig. 3A illustrating

the spring-loaded feature of the mating ring;

Fig. 4 is i perspective view of the plug component of the invention in section illustrating the

contact rings and their connection; and

Fig. 4h is a perspective view of a contact ring of the plug component.
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Conclusion

Omnicon Is a unique connector that simplifies connect/disconnect operations in 10"1 gravity .
environments as well as in commercial operations In normal gravity situation. that now require

slower, more difficult alignment to make connection.

Conventional Connectors:

Precise Alignment

Visual contact must be 'made

Pine often bend

Not designed for repeated .connect/disconnect operations

Omnicon Connectors:

Omnicon is designed for repeated -and -easy -connect/d-isconnect

Bands replaceipins

Visual contact is not required

Aligns itself

(Copyrigbt 198

Marlan S. eMana
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FLUID DISCONNECTS FOR AUTOMATED AND ROBOTIC SPACECRAFT SERVICING

Joseph M. Cardin
Senior Project Engineer

Moog Inc., Space Products Division
East Aurora, New York

ABSTRACT

This paper documents the development of an advanced rotary shut-off (RSO)
disconnect technology specifically designed for EVA, telerobotic, robotic and
automated spacecraft servicing. The standardized internal elements and their
relative merits are described. Various disconnect configurations such as interface
mounted, manual, semi-automatic and fully automatic are discussed. EVA and
robotic operational demonstrations of manual and semi-automatic units are
reviewed. In addition, the development of a fully automated, multi-line,
spacecraft to spacecraft resupply interface will be described.

INTRODUCTION

The goals of the U.S. civilian and military space programs have created a need for large, complex, long-life
spacecraft. The Orbital Maneuvering Vehicle (OMV), Orbital Transfer Vehicle (OTV), Great Observatories,
Space Station and its free flying platforms are examples of NASA programs that fit this category. DoD
applications have been summarized by the Space Assembly, Maintenance and Servicing Studies (SAMSS)
which have called for a space based infrastructure to support future military orbital systems. This emerging
generation of spacecraft has spawned a new set of design drivers for their fluid systems and components.
On-orbit erectability, maintainability, expandability and consumable resupply are evolving requirements
that cannot be achieved through traditional all-welded fluid system designs. The ability to safely make and
break connections without fluid loss is inherent to meeting these requirements. It is anticipated that
disconnects will be used in large numbers to facilitate this capability.

An integrated mix of human, robotic and automated capabilities will be used to effect these on-orbit
activities. It is essential that manual disconnects be user friendly to both a fully suited astronaut using
standard tools and a robot equipped with a general purpose end effector. Fully automated connector
systems although nominally autonomous, should be manually operable by both astronauts and robots as an
ultimate back-up to redundant internal power.

RATIONALE FOR THE WORK

Moog has undertaken an evaluation of the prevailing disconnect technology against the anticipated
requirements of spacecraft servicing applications. We found that fluid disconnect technology embodied by
commonly used models was relatively stagnant with most manufacturers using similar designs.

To thoroughly understand this technology, we designed, built and tested some poppet type disconnects. We
then compared them to commercially available "aerospace quality' disconnects. Although we were
successful at stretching the poppet type disconnect technology to the limit, we found that they have an
inherent pressure drop and a tendency toward O-ring blow out at higher pressures. In addition, the poppet
seals were vulnerable to leakage due to contamination. As the relatively large poppet seals closed,
contamination could be trapped between the seal and seat causing leakage.

Actuation and latching mechanisms were also evaluated. Most prevalent are the snap together/quick
release type. To engage, the two halves are axially inserted until both are open and latched together. They
offer no mechanical advantage in overcoming pressure induced separation forces, thus they cannot be
mated when internally pressurized. This is a severe operational limitation requiring the system to be shut
down and depressurized before connections can be made. During disconnection, the trigger action of the
quick release mechanism sets the disengagement sequence in motion. Under pressure, the two halves are
energetically and uncontrollably driven apart. This imparts a sudden force that could damage a robotic
operator or jar a weightless human operator. Should a seal fail to seat properly, there is no provision to
abort the disengagement process, thus sudden leakage would occur without the ability to reconnect.
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The other common method of joining and holding the disconnect halves together is a simple screw thread.
This approach is cumbersome and fatiguing for an astronaut to operate in addition to requiring a large
,vrench not currently contemplated as a standard tool. When operated by a robot, alignment would be
(ritical to engage the threads without cross-threading and complex movements would be required to rotate
the sleeve.

As a re;ult of this evaluation, we determined that the prevailing disconnect designs were inappropriate for
spacecraft servicing applications and an advance in technology was required. To satisfy this perceived need,
Moog initiated anIR&D Program to develop an appropriate fluid disconnect technology. This ultimately led
to the development of an alternative disconnect technology called a rotary shut-off (R O) disconnect.

In addition to Moog's IR&D effort, Boeing Aerospace Company in Huntsville, Alabama, evaluated
disconnects for potential propulsion system resupply applications. Boeing conducted an extensive test
program comparing a variety of poppet type disconnects including ours and found them all less than
optimal. Boeing subsequently conducted a competitive procurement for a minimum spill fluid connector
suitable for eventual Space Station hydrazine resupply applications. Based on their earlier evaluation,
Boeing selected a design based on Moog's RSO disconnecttechnology.

ROTARY SHUT-OFF (RSO) DISCONNECT TECHNOLOGY

The RSO disconnect is a modular design. The core assembly contains the flow control devices and is common
to all the various disconnect configurations. This is possible because the flow control devices are operated by
simple axial engagement or disengagement of the disconnect halves regardless of how it is accomplished.

In essence, the RSO disconnect is a patented, self-sealing device which, when engaged, seals the interface
and opens an unobstructed flow path across it. The RSO disconnect utilizes spherical valving elements in lieu
of traditional poppets. By axially engaging the male and female housing, a sequence of events is completed
which forms a straight-through, smooth-walled flow path. This engagement process is detailed in Figure 1.

A) 
=

B)

C)

Figure 1: RSO Disconnect Core Operation
(Actuation and Latching Mechanism Deleted for Clarity)
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In Figure la, the two housings are completely disengaged and roughly axially aligned. The spherical valving
elements in both halves are closed and sealed. To mate the disconnect, the two halves are axially engaged.
The redundant interface seals engage before the valve cartridges make contact as shown in Figure lb. At
this point, the spherical valving elements are still closed and sealed. By simply continuing axial engagement,
the spherical valving element are positively driven open. At full engagement, as shown in Figure 1c, the
mated coupling forms a straight-through, smooth-walled flow path across the interface. Demating is
accomplished by simply reversing the process and disengaging the disconnect halves. This drives the
spherical valving elements closed and breaks the interface seals without spillage of the internal fluid.

The RSO disconnect hasthe fo!lowing features:

* Safety: Designs available commensurate with a critical or catastrophic hazard in a man-rated
system.

* Reliability: Estimated mean time between failures of 5.4 x 109 hours.

- Cycle Life: Demonstrated cycle life in excess of 1,000 mate/demate cycles.

* Pressure: Operable under full system operating pressure.

* Pressure Drop: Unobstructed flow path for minimal pressure drop.

_ Spillage: Fluid volume released upon disconnection as low as 0.19 cm3.

* Leakage: Zero liquid leakage. Easily meets typical leakage rate requirement of 1.0 x 10-6 sccs
GHe.

* Mass: High performance to mass ratio.

An extensive in-house test program has been undertaken by Moog in addition to evaluation conducted by
potential users. NASAIMSFC, NASA/GSFC, NASA/LaRC, NASA/JSC, NASA/KSC, Boeing, McDonnell Douglas,
Grumman, Lockheed, OAO and MBB/Erno have all verified various features of the RSO disconnect.

INTERFACE MOUNTED DISCONNECTS

Interface mounted disconnects are specifically designed to be incorporated into module interfaces and
automated connector carriers. These disconnects use the standard RSO core assembly discussed !n the
previous section. Externally these units are quite simple with no soft dock, actuation or latching mechanism.
In order to accommodate misalignment between halves when connected, these connectors feature a
compliance mechanism.

A major application for disconnects of this type is in interfaces for spacecraft subsystems and attached
payloads packaged as orbital replaceable units (ORU). Figure 2 shows a set of Moog RSO disconnects and a
typical ORU. The ORU shown is an MBB/Erno unit under development for the European Retrievable Carrier
(EURECA) platform. Similar ORU's are being developed by GE-Astro for the Space Station free-flying
platform. In both cases, Moog interface mounted disconnect are being used to connect the ORU to the
thermal management system of the host spacecraft.

GE-Astro has demonstrated several sophisticated robotic ORU exchanges using mock-ups containing the
disconnects pictured in Figure 2. During ORU exchange, the fluid connections were made as a by-product of
ORU installation and their presence was transparent to the user.
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Figure 2: Interface Mounted Disconnects and Typical ORU

Moog has proposed an advanced RSO disconnect design to TRW for the OMV. One replacement coupling
will be used to connect each of four Reaction Control System (RCS) modules to a central bus. The function of
the replacement couplings close and seal hydrazine propellant on both sides of the interface as the RCS
module is removed from the OMV structure, Since th,. RCS module is an orbital replaceable unit to be
exchanged in the shuttle bay, the coupling is designed to shuttle bay safety requirements. The OMV
replacement coupling represents the state of the art in RSO disconnects. It is designed for highly reliable,
safe operation. The following is a summary of its features:

* Spillage - less than 1.0 cc upon disconnection,
* Pressure Drop - less than 20 psid at 0.34 Ibm/sec hydrazine
* Single potential external leak path.
* Three mechanically independent interrupts against external leakage when con nected,
* Two interrupts against external leakage when disconnected (system provides third interrupt).
0 No dynamicseals.
• Allowable misalignment - ± 050° angular, ± 0.025' axial offset.
* No flex hoses required,
• Propellant wetted materials - CRES, Teflon, EPR (seals).

MANUAL RSO DISCONNECTS

The basic objective of Moog's IR&D program was to produce a device capable of making a line connection
that when broken, closed and sealed. Single line and multi-line units designed to accomplish this have been
design, b, :t and tested both in house and by prospective users. A significant portion of our effoot has been
allocated to the development of a safe, reliable actuation and latching mechanism, Our goal was to design a
fluid disconnect, the operation of which was both robotic and EVA user friendly, The result is our soft
dock/hard dock approach to manual mating exemplified by the single line unit shown in Figure 3,
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Figure 3: Manual Single-Line RSO Disconnect
The female half is assumed to be rigidly attached to the spacecraft structure and is hard lined into the system

piping. The male half is typically attached to the system piping via a flex hose. To make a connection, x.ie
male half is axially inserted into the female half until a soft dock is achieved. This requires a maximum force
of 20 lbf. At this point, the male half is captured and can be released without floating out of position. A
standard manual or motorized ratchet tool with a 7/16" socket is then used to drive the connector to the
fully mated position. Since the actuation and latching mechanism is based on threaded sleeves, a significant
mechanical advantage can be brought to bear. Actual test data shows that the maximum torque input
required, with the disconnect pressurized to 620 psig, is only 3.5 ft-lbs. The threaded sleeves are not back-
driveable, thus engagement/disengagement can be safely aborted or reversed at any point in the sequence.
This activity has been demonstrated by both astronauts and robots.

A Moog single-line RSO disconnect has been evaluated against the unique ergonomic requirements of on-
orbit, EVA operations by the Crew and Thermal Systems branch at NASA/JSC. To this end, a connector
demonstration test article has been successfully flown several times in NASA's KC-135 microgravity facility.
Astronauts in fully pressurized EMU's have verified the EVA user friendliness of the RSO disconnect using
standard manual and hand held motorized tools. An astronaut is shown in Figure 4 operating an RSO
disconnect during a recent flight, Note that once soft docked, the astronaut is free to use both hands to
operate the tool or hold on to ground",

Figure 4., Astronaut Evaiuation of RSO 06,onn~ect
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Several government and industry robotics labs are involved in experiments designed to determine if the
same RSO disconnect used in the EVA demonstrations is also robot user friendly. Robotics labs at NASA/GSFC,
NASA/JSC, NASA/KSC and Boeing are all currently working with the RSO disconnect for this purpose.
Boeing's successful demonstration of this capability is shown in Figure 5. For this demonstration, Boeing
used a Puma 560 robot equipped with a JR3 Inc. force/moment sensor and a simple grippertype end effector.
The end effectorwas also equipped with a motorized allen wrench.

B) J

...................... ._........ r ,

Figwm S: Autonomou Robotic Opeatlon of RSO Dasconnect
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The robot under autonomous control grasped the male half of the disconnect with the gripper and
positioned it roughly coaxial with the female half as shown in Figure 5a. The robot then axially inserted the
mnale half into the female half using X, Y, Z force and torque feedback to "feel" its way in. Using a special
algorithm, Boeing engineers were able to soft dock the couplings as shown in Figure 5b using a maximum
force of 5 lbf instead of the normal 18 Ibf. Using the soft dock feature of the disconnect to hold the male
half in place, the robot released it and moved into position to engage the motorized drive tool as shown in
Figure 5c. If an end effector without an integral motorized tool had been used, the robot could just as easily
have moved to a tool caddy to pick one up. The robot then inserted the tool into the drive socket and drove
the disconnect into the fully mated positic.i by rotating the tool clockwise. The fully mated or hard docked
position was determined by sensing torque. Removal of the tool completed the task.

Demating was also demonstrated. This was accomplished by simply reversing the mating sequence. The
interesting aspect of this task was the robot could pause at the soft dock position, disengage the tool and
move to grasp the male half without it prematurely separating from the female half. The robot then axially
extracte4 the male half from the female half to complete the d emate task.

Significant time savings can be realized where multiple connections must be made by using a two-armed
robot. In this scenario, the first robot will grasp and soft dock the disconnect. As it moves to grasp the next
disconnect, the second arm will engage a motorized hand tool and drive the first disconnect to the fully
mated position. Time savings are realized due to overlapping the steps as well as eliminating time required
to exchange or reposition tools. It is estimated that mating/demating time can be trimmed by 30 percent
using this method.

This IR&D program has resulted in Moog being awarded a major development program contract by
NASA/JSC to develop, qualify and produce a Helium II Orbital Resupply Coupling. This device, shown in
Figure 6, will be capable of mak'ng a connection between two spacecrafts through which cryogenic helium
at 1.8°K can flow. This will allow superfluid helium, which cannot be stored indefinitely, to be resupplied on-
orbit. The implication of this is that expensive assets such as infrared telescopes like SIRTF will have an
extended useable life span. Heat seepage into the cryogenic helium as it passes through the disconnect is
kept to less than 0.08 watt by suspending the cold core inside a vacuum jack with thermal isolators. To
prevent the leakage of helium when disconnected, RSO elements will close and seal. When connected, triple
redundant interface seals prevent leakage of the liquid helium.

Designed for easy conversion to an interface mounted unit suitable for an automated connector carrier,
manual man-rated units wil be built first for the Superfluid Helium On-Orbit Transfer (SHOOT) Shuttle bay
experiment. This work is being conducted under Contract Number NAS9-17872.

ll

in) (0)

Figure 6: Hetiuin U Orbital Resupply Cou~pling
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SEMI-AUTOMATIC RSO DISCONNECTS

The same soft dock/hard dock approach to mating/demating manual units is used with semi-automatic and
multi-line RSO disconnects. The dual-line disconnect/isolat.on valve shown in Figure 7 is a typical
arrangement.

Figure 7: Semi-Automatic Multi-Une RSO Disconnect

Two identical sets of RSO internal elements are arranged in a parallel fashion in a single assembly. The
actuator is located between the passages and consists of a screw in the female half that engages a threaded
boss in the male half. The threaded boss features a 'soft dock" mechanism that initially captures the two
halves then guides the threads together without cross threading or the application of an axial force. The
screw is driven by a worm/worm gear set with built-in over torque protection. Mechanical inputs are via a
7/16 inch hex drive shaft which is compatible with standard manual or motorized hand held tools.

For semi-automatic operation the optional gear motor drive allows the unit to be remotely operated under
full system pressure, This converts the unit into the equivalent of two disconnects and two isolation valves.
The manual hex drive shaft provides robotic and EVA compatible manual override. Non-contact switches
sense the relative position of the male and female half. All data and power is brought out through the
electrical connector.

The integral motor can be used in conjunction with a robotic or EVA astronaut to streamline mating and
demating tasks. In this scenario, the robot or astronaut would simply soft dock the disconnect. The integral
motor could then be commanded to finish the mating task. This capability increases operational flexibility
thereby enhancing the probability of a successful mission.

The dual-line configuration, shown in Figure 7, can also be used to connect feed and return lines for a system
segment or provide a modular interface for orbital replaceable units (ORU's). For tmall to moth -ate sized
components, the disconnect interface can be used as a structural connection. By using the female half as a
receptacle and building the male half into a component, it can be converted into a modular component.

A Moog modular component can automatically be ;olated from the system upon failure by remotely using
the integrai motor to close the disconnect interface. The faulty component can then be quickly and easily
removed from the system under full system pressure without fluid loss, Dual-line disconnects and modular
components are currently being integrated into a prototype Space Station thermal bus system being built by
Grumman Space Systems. The merits of this modular approach to fluid system integration will be evaluated
during system level testing at NASAJS.. In addition, evaluation testing will be conducted at NASAJGSFC and
NASAMSFM
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AUTOMATED FLUID INTERFACE SYSTEMS

The ability to make automated multi-line umbilical connections between spacecrafts is crucial to future
orbital operations. Potential applications include:

* Consumable Resupply $ OMV/OTV Servicing
* Inter-module Umbilical Connections * Robotic Ground Servicing Operations
* Satellite/Platform Servicino 9 Shuttle/Station Interface
* Attached Payload Interfaces

Moog has undertaken :in IR&D project to design, build and test an automated umbilical connector (AUC)
system capable of facilitating the above stated operatioial capabilities. The result of this effort is the AUC
shown in Figure 8. This technology demonstration unit is a fully automated, turn-key interface system
capable of simultaneously connecting four power, data, liquid, cryogenic or high pressure gas couplings.
The AUC consists of a Type I (tanker) half, a Type II (spacecraft) half anc an electronic control.

A key element in the design approach to the AUC was the utilization of existing Moog disconnect
technology. The disconnects, used are configured as interface mounted RSO disconnects similar to those
shown in Figure 2 but specifically designed for use in the AUC.
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The AUC has the following features:

" Fully automated for remote operation
" Simple electromechanical actuator
* All mechanical functions powered by a single motor
* Simple, reliable open-loop control electronics
" 100 watt nominal power draw
" Manual override in case of motor failure
* Type 11 half requires no power or sensor data
* Accommodates misalignment
" Connectors mounted in individual misalignment collars
* Automatic covers mechanically interlocked with actuator
* No Type I/Type II contact during docking
* Pressure induced separation forces not transmitted to mounting surfaces
* Configurable with up to four power, data, cryogenic, liquid or high pressure gas connectors.

The Type l half of the AUC is a self-contained, modular assembly designed to be normally installed in the
tanker spacecraft. All components requiring power and/or control are located in this half. It consists of a
structure that supports an electromechanical (EM) actuator, four female RSO disconnect modules and a
rotating cover.

The Type II half of the AUC is also a self-contained, modular assembly. This half is electrically passive
requiring no power or control and is meant to be mounted on the spacecraft. It consists of a structure that i.
compliantly mounted to the spacecraft. The rotating cover and a movable p 1aten are, in turn, mounted to
this structure. Four male RSO disconnect modules are, in turn, compliantly mounted to the platen.
_o engage the AUC the two halves must be positioned within their misalignment envelope as shown in
Figure 9a, When the "engage" command is received, the electromechanical actuator extends the actuator
rod acro.s the tankerspacecraft interface, The actuator rod engages the compliant structure of the
spacecraft half causing it to align with the thanker half. The actuatkor rod then rotates 45' locking to the
movable platen and rotating both covers open. The actuator automaticaly retracts driving the disconnects
across the exposed interface arid into their mating halves. The physical engagement of the disconnect halves
automatically drives their rotary shut-off elements open. The AUC Is now fully engaged and ready for
consumable transfer to take place asshown in Figure 9b.

-

,

a) Ready to Engage B) Engaged

Figure9. Automated Umbifical Connector

242



The "disengage" command causes the actuator to extend until the purge position is reached. This closes the
valving elements in the fluid disconnects without breakintr: the interface seals. At this point, seal integrity
can be verified and/or spillage purged. Upon receipt ol another "disengage" command the actuator
resumes extension breaking the disconnect interface seals and driving the platen back into its retracted
position. The actuator then rotates 450 unlocking from the platen and rotating both covers closed. It then
withdraws from the spacecraft half of the AUC allowing it to relax back into its original position as shown in
Figure 9a. At this point, the connection cycle is complete.

Extensive testing was performed at Moog on this system. The AUC met or exceeded all performance
requirements. Test data is summarized in the table below.

Parameter AUC Test Data Summary

Inlet and Outlet Ports Size: 1/2"

Fluid Compatibility: Hydrazine, Anhydrous Ammonia,
(other fluids can be accommodated Isopropyl Alcohol, Deionized Water,
with adjustment) Helium, Nitrogen

Pressure Drop: 0.75 psid at 5.0 gpm H20

Operating Pressure: 500 psig
Proof Pressure: 1000 psig
Burst Pressure: 2000 psig
External Leakage: 1.0 x 10-8 sccs GHe @ 500 psig after

1000 cycles

Seals Against External Leakage:
Connected 3
Disconnected 1 (seals can be verified)

Spillage Volume: 0.07 cm3 without purge
0.024 cm3 with evacuation and GN2
purge

Temperature: -65OF to 250°F (not verified)

Misalignment: 0.125N axial and lateral
5.00 angular
1.00 rotary

Envelope:
Type 1 13N dia x 22"
Type 11 13N dia x8"

Weight:
Type I 16 Ibm
Type 11 18 Ibm

Cycle Life: 1000 cycles fully misaligned with two
disconnects pressurized to 500 psig

In 1987, Moog completed a contract with Boeing Aerospace Company of Huntsville, Alabama, to provide
one Model 50E559 AUC System. This contract was a direct result of our IR&D activity but was separte from it.
The device, originally called a Minimum Spill Fluid Connector, was built under an advanced development
contract related to Boeing's Space Station Phase 'B" study efforts. As such, it was administered as under the
auspices of NASA/MSFC.
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The objectives for the U.S. civilian and military space program have created a need for disconnects to
facilitate on-orbit erectability, maintainability, expatidability, consumable resupply and automated fault
isolation/recovery in space borne fluid systems. These disconnects must be compatible with ihe integrated
human/robot automation environment envisioned for future orbi ,erations. Disconnect technologies
widely used in the past for other aerospace applications were found u. . _ inadequate or undesirable.

In response to this need Moog has developed, under IR&D, an alternative disconnect technology called a
rotary shut-off (RSO) disconnect. This new disconnect technology, extensively tested by Moc.g, NASA and
industry, has been shown to be a significant improvement overdesigns commonly used in the past.

To facilitate on-orbit servicing operations, a safe, convenient and reliable method of manual
mating/demating has been developed. Identical units have been verified to be user friendly by both fully
suited astronauts and autonomous robots. Semi-automatic disconnects have been shown to not only
automate fault isolation and recovery in these systems bux, also to assist EVA and robotic mating/demating.

A totally automated fluid interface system called an automated umbilical connector (AUC) has been
designed, built and tested. The AUC demonstrated the capability to simultaneously make multi-line
connections between misaligned spacecraft for liquid and/or gas transfer. The modular design of this
technology demonstration hardware was shown to be feasible thus clearing the way for future upgrades
with power, data or cryogenic coupling modules.

Through the work overviewed in this paper, Moog has endeavored to develop a connector technology that
can be utilized to facilitate solutions to the problems facing the designers of serviceable fluid systems. 8y
specifica!ly designing this hardware for the integrated human ,robot, automation environment of the future.
we hope to have also simplified the operational aspects of these tasks.
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Development of a Hybrid Simulator for
Robotic Manipulators

Peter M. Van Wirt and Michael B. Leahy, Jr.
Air Force Institute of Technology

Wright Patterson Air Force Base, Ohio 45433

ABSTRACT

The military is pursuing the use of robot manipulators and teleoperated
manipulators in hostile environments. Implementation has been restricted by
the rudimentary control schemes used by current manipulators. Research into
improved control schemes for these manipulators has been limited by the lack
of simulation capability.

The need for an adequate articulated robot simulation is great due to the
problems of safety, money and work space caused by operation of a robot. An
accurate simulation can assist in testing different control algorithmins, as
well as different trajectory generators. Accurate models of robot arm
dynamics have been identified by several groups; however, the effects of
friction and drive motor dynamics have not been properly modelled in the
past. These torques have important effects on errors generated by the robot.

The PUMA 560 was chosen as a case study because it represents a class of
manipulators of interest to the military and because actual PUMA 560 response
data was readily available. Once the proper models were installed on a
digital computer and shown to be accurate by comparison to PUMA 560 responses,
the decision was made to convert the model for use on a SIMSTAR Hybrid Com-
puter. The analog model gives the control engineer greater freedom in choices
of controllers to test. It also provides the capability to run realtime man-
in-the-loop simulations. This model is again verified by comparison to actual
robot arm motions using the same controllers.

The ability to arcurately model an articulated manipulator has a
significant effect on the robot community. Now, institutions restricted frog
controller study by the lack of an available manipulator can test state-of-
the-art trajectory generators or controllers and feel confident that the
simulator results will be borne out when implemented on the manipulator.
Also, simulations of applications such as robotic refueling can be
accomplished to determine the viability of a particular control scheme.

(PAPER NOT SUBMIIED FOR PUBLICATION)
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The DARPA Autonomous Land Vehicle:
A Phase I Retrospective and a Prospective for the Future

Robert J. Douglass
Martin Marietta Corporation

Denver, Colorado 80201

ABSTRACT

The Autonomous Land Vehicle Pogram (ALV)--part of the DARPA Strategic
Computing program, contracted by the U.S. Army Engineer Topographic Laboratory
(ETL)--combines advances in computer vision, automatic planning, sensors and
advanced computer architecture to create a mobile outdoor robot that can navigate
autonomously on and off roads to accomplish a high level goal. Eventual
applications include partially autonomous anti-armor and reconnaissance robots
for the Army, a Martian rover and more capable mobile robots for the factory.

During the first 2.5-yea% phase of the ALV program, road following demon-
strations were performed in 1985 at speeds of 3 kph over a 1 km straight road and
in 1986 at 10 kph over a 4.5 km road that had sharp curves and changing pavement
types. In the 1987 demonstration, the vehicle drove at speeds up to 21 kph
(average 14.5 kph) over a 4.5 km distance through varying pavement types, road
widths and shadows while detecting, modeling and avoiding obstacles using a
perceptual system that combined video and lacer radar data to locate boundaries
in three-dimensions. Also in 1987, the first vision-guided off-road experiments
were performed using the Hughes vision and planning system to cover 0.6 km at
speeds up to 3 kph over rolling terrain while avoiding ditches, rock outcrops,
trees and obstacles as small as one metal fence post.

In Phase II, begining in early 1988 the ALV focus will be on the support of
specific scientific experiments for off- oUd navigation instead of integrated
demonstrations of military applications.

Phase I has demonstrated the feas,.,ity of real-time autonomous navigation.
It has seen the development of a test vehicle, laboratory and instrumented test
areas, the dissemination of data to researchers, the development of a flexible
real-time hardware and software architecture, and the development of several
workable approaches to real-world, real-time vision and route and path planning.
Open research issues include terrain classification and real-time segmentation
techniques for images, the use of additional sensors, such as FLIR and MMW, to
augment video and laser radar data, the recognition of objects, and passive
ranging techniques such as motion or binocular stereo. Major engineering
problems include providing enough computer power to support the real-time
execution of more robust vision alogrlthms and packaging the technology in low
power and weight modules for use on space and military vehicles.

(PAPER NOT SUBMITTED FOR PUBLICATION)
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Douglas E. McGovern
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ABSTRACT

A man-portable control unit has been designed and fabricated to support teleoperation
of a land vehicle. The basic control unit is configuzed to include the capabilities
of mobile platform control, platform location and status display, sensor control and
output display, and weapons control, if so desired. When the platform is being driven
to a new location, the operator is able to control the platform through basic steer-
ing, braking and speed commands, obstacle recognition and avoidance, maneuvering in
constricted space, and navigation with visual cues and simple dead-rockoning inputs
from the vehicle. While the platform is on station, the human operator is able to
perform the functions of surveillance, target recognition, target tracking, and
weapons or designator control.

A fully software-driven system has been configured to meet these requirements, All
controls and vehicle signals are processed by an on-board micro-processor allowing an
easily reconfigurable system. Video information is provided through a set of three
CCTV monitors. Graphics and alphanumeric data are provided on a flat panel display.
Push buttons, keypad, trackball, throttle lever, and a steering yoke accept operator
input, A video cueing system is included to allow automatic processing of the plat-
form video for motion detection during surveillance operations,

The wan-portable control unit was developed for application to the Teleoperated Mobile
All-Purpose Platform (THAP) project supported by the U.S. Army Missile Command
(MICO9). The control unit has been integrated with the MICON vehicle system a&d with
a vehicle system at Sandia National Labs,

INtIODUCTION

Sandia National Laboratories (SNL) was tasked with the design and fabrication of a portable

control unit for use by the Toleoperated Hobile All-Purpose Platform (THAP) project. This

project, supported by the U.S. Army Htsile Couxand (NICOH), includes coatracts with industry

to develop complete systems, as well as significant in-house tochnola-'y base developments.

The overall project goal is the dovelopment of a small. low cost. lightweight robotic system

uhich could provide the mobility and control subsystem for a variety of battlefield

activities. The intended spplications include sentry and scott roles, courier or decoy duty,

target designation for longer range weapons, and po.aibly explosive ordnance disposal. Tie

system was atso inittalIy configured to mount. emlace, and operate individual and crew sctvrd

infantry weapous.

z1i



The Sandia control unit allows the operator to maneuver the mobile platform and to operate

sensors, target designators, or weapons. Feedback from the platform provides system status,

video and audio information, and platform location. The control unit is configured to be

fully software driven so that it can be interfaced to a variety of system hardware. For the

TMAP project, the platform, navigation equipment, and sensors, as well as the command data

link, are being defined and supplied by MICOM (1]. The control unit can also be easily

adapted to any of the other systems existing at Sandia (2) or to contractor developed

platforms.

CONTROL UNIT DESIGN

The control unit consists of a vertical display panel and a horizontal control panel as shown

in Figure 1. All of the electronics (except for the communications interface) are included in

FIGURE I1 CMNROL. WIT~
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the volume behind the panels. For transport, the control yoke folds into the I'd of tl.e box,

leaving a cube approximately 22 inches on a side. Sines commercially available hardware was

chosen for system fabrication, significant size and weight reduction could be achieved through

dedicated design.

SYSTEM OPERATION

The Sandia control unit is designed to allow effective operation in three different modes.

These modes include listening (sensor operation), driving (vehicle mobility), and fighting

(weapons control). In the listening mode, capabilities include control of the turret, camera

selection, camera zoom, motion detector setup and control, and navigation initialization.

Driving mcde offers the vehicle commands of steering, throttle/brake, camera selection and

zoom, vehicle forward/reverse, and parking brake. The weapons mode allows choice of camera

and selection, arm, and fire of individual weapons. Provision is also being made for a range

finder in listening and fighting modes.

Navigation capabilities are derived from information supplied by the vehicle. The presently

available data includes vehicle heading and distance traveled. This data is stored in the

control unit for presentation to the operator. This presentation can be done in several

different ways. The position of the vehicle can be referenced to its starting location or to

a selected destination by range and bearing. Vectors indicating direction to "home" and

"destination" can be displayed referenced to present vehicle heading. Standard military grid

map references can be generated for comparison to operator-entered home and destination grid

references. Naps of vehicle travel can also be displayed.

VIDEO CUEING

Sandia National Laboratories Exploratory Systems Development Division 9133 has developed

and implemented a video motion detection algorithm Which processes video input to dater-

mine motion along a preselected path. Thu path is oipecified by a chain of boxes vhich can

be positioned by the operator in the selected field-of-view of the camera. The size of

the boxes can be adjusted so that they appivoximato the size of the anticipa.od target.

only the portion of the scone enclosed in the boxis is processed. Kovereut in other areas

of the scene is ignored. Figuro 2 illusrates a typieal video screen setup.

The algoritba used for otion detection consists of the three uajor operations of change--

detection, grouping, &td tracking. 1his is illustrated in Figure 3. Te change doteotor

looks for differences botween the current image and a reference Isage. These are grouped

together so that ll naighboritig. changes can be handled as a single entity. The tracking

algorithm then looks for purposeful movement of these changes. That is. movement must be

detected over a reasonable distance along the selected track for an alatm to be ganeratwd.

Once an alarm has been registered. both a video and an audio signal are given. These signals

-continua until the object has left the scene or until the operator intetenes.



FIGURE 2 VMD PATH SETUP
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OPERATOR ITUWACE

The' operator titerface hardware incluxdes three video srens, graphics disaplay panel, keypad,

throttle lover. trackball and cortcrol yoke. The video s.creens anid video brightness anid C~on-

iLrast controls are mounted on the control unit vertical panel. A 9-inch co).or monitor

(centered in the panel) provides the main display. This monito~r may bo ugod to show vido

from the platforte cameras -which may ino-lude the main mobility camera. a woapons-aimirig canorA,

or a low light level surveillance camzera, Two small 4-inch black and white monitors are

mtrotd on tach side of tits vain monitor. These monitors tare used to display the output of



the driving cameras mounted next to the primary mobility camera on the MICOM TMAP vehicle.

The operator controls are on the horizontal panel (illustrated in Figure 4). The graphics

display, in the upper section of the panel, allows presentation of detailed status information

as well as positional data derived from the platform dead reckoning system. This display

panel is surrounded by push buttons. The function of each push button is determined by the

mode o2 operation as will be discussed below. The control yoke is the operator input device

for steering commands while driving and tur.ret azimuth and elevation commands when in the

listening or fighting modes. The I'... le lever provides brake/throttle input while driving.

The keyboard and trackball are provic., for input of data such as video cuing system setup,

map coordinates, map details, and target location selection.

KU M* UNIT~ 1WIOMZU~TL PANEL



The selection of a control yoke was based on experimentation using an existing Sandia vehicle,

Driving studies were conducted using both a joystick and a simple H-shaped control yoke. (A

steering wheel was not tested because it was thought to be too bulky for use in a portable

control unit.) In thi.s experimentation, operators drove a small teleoperated vehicle over an

off-road course consisting largely of motorcycle trails. The consensus of the operators was

that the control yoke was generally easier to use than the joystick. A commercially available

control yoke has therefore been incorporated into the control unit design. In addition to

steering Angle, the selected yoke allows elevation control. There are also finger triggers

and thumb push buttons which allow for incorporation of a "deadman" switch.

When the control unit is first powered up, the system is put into the Listening (surveillance)

mode, and the operator is presented with the information shown in Figure 5. This information

is contained on the graphics display and the associated nine function buttons surrounding the

display (shown in the shaded regions of the Figure). The function buttons are not labeled in

a permanent manner, but have functions described by the word or words nearest each button at

the periphery of the graphics display. In Figure 5, the top three function buttons are used

to engage the three main modes of Listening, Driving, and Fighting. The Figure indicates that

the system is currently in Listening mode because of the rectangle drawn around the word

"Listening." The six buttons on each side of the display can be used to engage subfeatures of

the Listening mode. This common theme of having the three major mode selections on the top

three buttons, with submodes on the side buttons, is carried throughout all the modes of the

system.

If the operator were to press the top center button ("Drive"), the screen would immediately

change to that in Figure 6. Note that the word "Driving" is now surrounded by a rectangle to

indicate that the current mode is Driving. The word itself also changes from the verb "Drive"

to the adjective "Driving," a further indicator of the current mode. The six submode buttons

change to subfunctions appropriate to the Driving mode (except for the camera select button,

which is used in both Driving and Listening modes). In the center of the display, an icon

showing the vehicle appears, always pointing upward with arrows pointing to the next naviga-

tional waypoint destination and to home base.

In addition to the changes that happen on the graphics display, several other actions take

place when the operator presses the "Drive" button. The first is that the control unit

commands the vehicle's camera turret to rotate as necessary to point forward and to lock in

that position. The other changes that take place are that the control yoke is interpreted as

a steering control, and the T-handle is interpreted as a throttle/brake control. The operator

may now drive the vehicle by slowly pushing the T-handle forward until the brake disengages

and power begins to be applied to the vehicle drive motors.

Like the changes that happened when the operator pressed the "Drive" button, pressing a button

other than "Drive" would also have effected changes to the graphics display. :he interpreta-

tion of the function buttons, and to the interpretation of the operator controls.
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SVSTEM DESIGN

In tealty prai~VoWU votticli control tnits, thato ua little neecd for sofotwire it% tho systaw, us

the oporator cooteIol1 w.are "hard wiU.d* t~o the vehicle sysemws (albei1t ith a cmnctov

sys~tem of~ So sort I butuwoo). Htowever, -in the TWA control Unit. tile 6110vrntor'-3 coiltvaol

(suci as the conitrol yoke. throttle laver, anid pusih buttonis) anod thv uvitt's coauokC'Atien2

ou'pta re niot Itard virod togottoet. but are linkeod by softvar. through a computer, The

eotcloi controls (lke the cntrol --Aa) vupply analog voltages v'hic.. after ednversoA by

tho aenalo-todigttal iniput bo~rd, a.,- simply w oa*ry-Wapd input parts to the CWJ. The

binary "otor trosvt (push. buttons) are -buif~redt by tbe dig~ital 1/0 boiard atu) ar, Asao input

ports. Vie output to aud LoputtL" fro oaisdai syoc.. aro likewise simply 1/0 ports



for the CPU. Thus, the interpretation of the meaning of a particular operator input is made

entirely by software and is immediately redefinable. This allows a given control device to

serve more than one purpose, as in the already mentioned case of the control yoke providing

steering comands while the vehicle is moving and turret azimuth and elavation commands when

the vehicle is stationary.

Another advantage of software interpretation is quick reconfigurability. If, for example, it

was determined that the relationship between the angle of the control yoke and the angle of

the vehicle's front wheels should be nonlinear, only a minor programming change would be

required to make it so. No rewiring would be required. Quick reconfigurability also implies

that other communications systems, payloads, or even vehicles would be easy to accommodate.

The control unit's electronics are based on commercially available boards for the VME bus.

A VME chassis and power supply reside below the main CRT driving monitor behind the vertical

display panel. The CPU board contains a 10-Mhz Motorola 68010 32-bit microprocessor coupled

with a 68881 floating-point coprocessor. Also on the CPU board are 512K bytes of dynamic RAM,

64K bytes of battery backed-up static RAM, 128K bytes of EPROM, four serial ports, and two

16-bit counter/timers. Three additional boards for analog signal input, analog output, and

digital I/O complete the hardware.

The CPU is programmed in a compiled version of the Fort, language. There is no operating

system per so, since Forth provides all the functions that are needed. Since the unit 4as

designed for rugged use in a hostile outdoor environment, there are no disk drives in the

system. In lieu of a disk drive, software is loaded into the system by sending Forth source

code to the CPU over a serial RS232 link at 9600 baud where a Forth compiler in EPROH compiles

it into object code as fast as it is loaded. The coiler places the object code in the

static RAM area of the CPU, and the battery back-up maintains it there even if powet is

removed from the system.

The source code is edited and archived on a Macintosh computer with a hard disk. Debugging

requires sending the source code from the acintosh to the 68010 CPU, testing the compiled

code, editing the source as necessary (on the Macintosh), and then revenditg the portioa that

were feulty. Once the code is deemed iceeptable, the object code (in hex faomat) is dumped ro

an E[MON programmer. The atatic W chips on the CH board are than replaced with the newly-

SOT.AS ARCRIITSCTURE

1he main job of the CPU ts to mediate between the human oparator and the %Vhicle via the

comunication syet#m Most of the CPU tim is spent waiting for soigothing to luqlpon. To

&fficiencly acc'lish thit typo of operation with a minium response tie end still he easy

to modify and update. an event-dtivin trchitecture vat chosen. This Is illustrated In

Figure 7. An .vont" Is def i etas a .hane of stst of the systea caused by the attions or

th hunan operator. requests from the comeunivitions tyst., or Io iw ca"se by the softuare

otlarnlly. The software is said to be -evtat-drivew because thm wain routine (the
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Ydispaccheru) monitors a global data structure aflod an event queuel until a record of a"

evant appears in the queue. It then take$ the eOvent record off the queue and passes it to the

appropriate "event hantdlaou-a software wtodule that. is wrtten to Process a particular typoa of

evant. Wwort the hatidler Is ftithed, it returna. control to the dispatcher, willesao

watching the event queUo until anethtp event appars.

As all example, suppose that the operator pushos a button oil the cntrel panel. Tite buttonts

are wired cbroudi tin digital 1/0 board to gOneloto A1 processor interrupt whken pushed so C

procatsoe will No interrupted aiti uii) Jomp toa Aparticular routinto for that interrupt. Thei

Interrupt routineo will datermine uhkh button was pushed and will creaite an evvent record for

the butto" push. The event record, conalatx,% Miforwatioi as to what. happeted (a button Push).



when it happened, and which particular device caused the event (button number 7, for

instance). The routine places the event record into the global event queue and then returns

control to the place where the processor was interrupted. The dispatcher notices that there

is a new entry in the queue, removes it, notes what kind of event it represents, and

dispatches it to the appropriate handler for button pushes. The "button push" handler will

then take whatever action is needed for the pushing of button number 7 during the current

context, and control will return to the dispatcher.

This software architecture is much more efficient than a polled approach because the CPU is

not required to pay attention to a number of dormant inputs; it simply waits for the first

device to come to life and then acts on it. In addition, it provides much faster response

than polling because there is no need to cycle through all the inputs before discovering that

one is active. Best of all, it allows changes to be made in the number of inputs much more

easily because only a new handler needs to be written if a new type of event is added. The

dispatcher need not be changed at all, and the system dues not become slower as new input

devices are added.

SUMMARY AND STATUS

A control unit has been designed and fabricated for use with the vehicle and communications

system utilized by HICOM in the THAP project. This control unit is configured to allow

extensive upgrading of capabilities through software modification. The initial system allows

demonstration of the basic capabilities of vehicle control, simple navigation surveillance,

video motion detection, and weapons control, Additional features are being added in an

ongoing project at Saudia National Laboratories.
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Robotic Visual Servo Control for Aircraft Ground Refueling

Mikel M. Miller, Michael B. Leahy, Jr., and Matthew Habrisky
Air Force Institute of Technology

Wright-Patterson Air Force Base, Ohio

ABSTRACT

Advances in robotic and sensor technologies open new opportunities for
applications of robotic systems. One potential application is the robotic
refueling of aircraft. Three basic areas of research are required to accomplish
robotic refueling better robotic control, visual servoing and force control. The
Air Force Institute of Technololy (AFIT) is conducting initial research into the
design and integration of visual servoing. Visual information received from a TV
camera mounted to the robot refueler's refueling boom provides the feedback data
necessary for employing visual servo control techniques.

The feedback data, the refueling port's centroid and depth, is used to
visually guide the robot refueler to the refueling port. To simulate the
refueling operation in tho laboratory, an artificial, well-defined, high contrast
target-background scene is constructed; the target, a white ball, represents the
refueling port and a black background represents the surrounding area. The
vision-robot system (VRS), composed of a PUMA 560 robot arm and Machine
Intelligence Corporation vision system, scans an area until the vision system
acquires the target. Once located, the visual servo controller guides the VRS to
the target. The integrated VRS uses closed loop, static and dynamic visual servo
control techniques to demonstrate the capability of Using a robot equipped with
vision for aircraft ground refueling.

The visual servo control techniques were implemented using the PUMA 560's
VAL II programning language. Limitations in the VAL II language prevent optimal
performance of the VRS, including the following; the inability to perform
parallel processing and the inability to determine which robot joints are
controlled. However, to date, results successfully demonstrate the VRS's ability
to search for a well-defined target in a non-complex environment, and use visual
servo control techniques to guide the VRS to the target.

Future research focuses on freeing the VRs from VAL II to provide better
control over the robot manipulator. Also interfacing the VRS with AFIT's state-
of-the-art Image Processing Laboratory is planned to allow the analysis of more
complex target-background scenes fourd in real world environments. Finally, AFIT.
is starting research into closing the loop around the robot refueler application
by designing better robot position and force control techniques.

(PAPER NOT SUBMITTED FOR PtUCATION)
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ABSTRACT

This paper describes the roles and actual operations conducted by
mobile robots that were deployed to respond to hazardous situations
which developed at the site of several recent accidents/incidents.
These robots assumed many of the tasks and missions that are cur-
rently conducted by emergency response team members. Specifically
this paper will review roles played by mobile robots at scenes of
accident/incident sites for the Chernobyl-4 (USSR) nuclear power
plant, Goianin (Brazil) Cs-137 contaminated urban area, r!'.'hington
County (PA-USA) overturned truck, and Prince George's County (MD-
USA) overturned truck where radioactive materials or toxic chewi-
cals were released to the atmosphere and the evironment. The
relative degrees of success and problems experienced by these
robots will be identified. Additional missions that the devices
could have assumed at the site of these three inciditts had the
time and the opportunity been available will also be discussed.

1.0 INTOUCTION

The frequency of incidents associated with the accidental release of

radioactive mid toxic chemical materials to the environment has become an in-

crasingly serious world-wide problem. These incidents can occur in the

nuclear or chemical plant or facility; while radioactive materials or chemi-

cals are being transported by air, boat, rail, or by truck; at the storage/

wwst.e dump sites; and within petroleum/gas product pipelines. They can also

develop as a result of naturally occurring events such aq earthquakes, as ex-

amlified by the release of carmm dioxide from. the recent Lake Nios (The

Caaeroons) incident.

Emergency response team members entering the vicinity of an incident to

mitigate its copsequebces An, imfortunately, become exposed to the released

radioactive or toxic chemical materials contaminating the environment. If the



radioactive or toxic chemical materials contaminating the environment. If the

team members develop adverse synergistic health and/or life-threatening condi-

tions they can become part of the toxic problem. This specific problem can be

bypassed and the overall efficiency of the mitigating actions can be improved

if many of the activities assigned to the team members within the contaminated

zones could be conducted by mobile robots and/or teleoperator/remote con-

trolled vehicles. This paper describes the roles that these devices have con-

ducted at several recent radiological and toxic chemical accidents.

Before delving into reviews of the components of a "mobile robot" and ac-

tions completed by these subject vehicles, it is first necessary to describe

the devices which are to be discussed in this paper. Presently, there are no

universally accepted descriptive terms which define "robots" or "remotely" or

"teleoperator" controlled vehicles. The international community has only ac-

cepted the definition of a "manipulating industrial robot", or as usually

noted, an industrial robot. In view of this vacuum of definitions, informal

descriptions of the subject mobile devices are presented below.

A mobile robot is an automatically controlled, mltifunctional mechanism

which is able to move all or part of itself and is able to aneuver along an

,•restricted path. If it is equipped with a manipulator arm, it can complete

variable programed motions for the performance of a variety of tasks and is

self-adaptive by interacting with and responding to the envir-ment in which

it is operating. On the other hand, the performance of a teleoperator cm,-

trolled vehicle is remotely controlled by a human operator (i.e., a an-in-

the-loop) who at one point in space is able to experience the illusion of

being at another (remote) location through the interpretation of sensory data

projected back to the operator (telepresence).

The degree of autonomy controlling either/or both locomotion and

manipulation functions range from zero to 100 , Vehicle functions can be

completely controlled by the operator, i.e., mau-in-the-loop (as in the case

for a "teleoperator" or "remote" controlled vehicle), or completely by cow-

puter (for a "true" robot). "Telerobotics" resides in the realm between the

two limits where responsibility for controlling operations is shared between

the two.

Many functions and missions of robots or teleoperator controlled devices

have similar requiremnets and methods of operation. The only difference is

whether specific missions may demand human-directed instructions or whether

the robot will be able to develop its own task analysis with its on-board

package of artificial intelligevee (At) directed autonomous "ontrol features.

In either case, the two types of devices have similar configuration and per-



formance characteristics and both will, henceforth, be collectively referred

to as "mobile robots" in this papcr.

Mobile robots and teleoperated vehicles have been available for use in

radioactive environments for more than 25 years. It is possible today to

deploy off-the-shelf iobile robots in most hazardous situations, which include

(but are not limited to) the nuclear, toxic chemical, civilian and military

bomb (explosive) ordnance disposal (EOD), min g/tunneling/excavation/

construction, security, a :d firefighting industries. In the case of bomb dis-

posal activities, the robot is a "resident" at the bomb removing agency's

storage facility and can be instantaneously deployed to the site of an

incident. Most of the newer generation firefighting robots are currently ear-

marked for the military as resident umits on aircraft carriers and at military

bases and facilities. Mobile robots are not, however, generally available to

respond to global radiological or toxic chemical accidents. The degrees of

their availability and subsequent deployment are limited by acquiescence of

local emergency response management groups and their willingness to deploy

untried systems which have not yet been generally accepted by those respon-

sible mmageaunt agencies.

2.0 COOWNfS OF A MOBILE i)BOT

The basic components of a mobile robot consist of eight items. The con-

figuration and _jeometry (1) of a mobile robot in usually dictated by its

primary mission and the location for its employment. The three locomotion

tecliques (2) being used in most of the current generation of deployed and

available off-the-shelf robots are the legged, tracked, and wheeled

methodologies. As the legged systems are still basically in a state of

development, the latter two systems are the ones most frequently eurloyed in

the current generation of deployed mobile robots. The power augpl (3) 2or

most systems include batteries, gasoline or diesel engines, hydraulics, or

electric (supplied by the "houe"). In the latter case, it will be necesgary

to supply the power through a tether (umbilicai cord), thereby restricting the

maneuverability and freedom of movement of the robot. The means of comunica-

tion and control (4) between the operator (or teleoperator) and the robot can

he either tethered (cable) or untethered. The most frequently employed non-

tethered technology is radio frequency (P), including microwave. Other

tetherless comunication technologies are inrfrared-, laser-, or light-based.

Robotic devices can support many axed mawipulative arms which can

maneuver light to very heavy loads ranging from 1 kg to more than 220 kg.

Other urnipulative functions (5) include scraping, bulldozing, transporting



sensory packages, vacuuming, spraying, etc. The sensory package (6) for a

mobile robot ranges from single vision systems (one video or CCD camera) to

multiple cameras to several envrionmental sensing devices. These latter sen-

sors include (but are not limited to) radiation, sound, temperature, humidity

detection; analysis of the gaseous or particulate composition of the

atmosphere; and placement and detection of x-ray sources. The electronics

components (7) for the robots control all maneuvering, manipulative, control,

communication, and sensing functions of the vehicle and the operator/vehicle

command interface requirements. The integrity of the vehicle can be enhanced

if the electronics components are appropriately designed and housed in her-

metically sealed packages to protect them from exposure to harsh environments

in which they may operate. The degree of intelligence (8) possessed by the

mobile robot is dependent upon the level of independent, autonomous activity

allowed by the designer, and hence, operator of the robot. This activity is

today relatively restricted in that most functions and missions are not stand-

ardized and the confidence in having their independent actions remain unguided

by human intelligence is "not overwhelming". Autonomous activity is currently

being pursued by many researchers and may become a standard item in the next

generation of mobile robots.

3.0 LOCATIONS OF DEPLONUNT AND AVAILABILITY STATUS

Mobile robots have been successfully employed at four recent

accident/incident situations. Although only one of the four situations to be

described below had a resident robot available for mitigating the con-

sequences of the accident, these devices were brought to the scene of the in-

cident in time periods ranging from 16 minutes to several days after the inci-

dent had occurred. One robot was coincidently located near the scene of the

incident.

3.1 ACCIDENT VJ. 1 - Chernobyl, Ikr-ine SSa
The accident suffered by the Unit No. 4 of the Chernobyl Atooic Power

Station in the Ukraine SW on April 26, 1986 left many people dead. thousands

of square kilometers of contaminated areas, and forced the evacuation of more

than 135,000 local residents. The lethal-level radiation levels in the con-

taminated areas caused extreme difficulties to the rescue worketv and other

individuals who were given the goal and charged with the responsibility to

It was initially estittated that remote controlled vehicles and/or mobile

robots were the most ipwropriate devices that could adequately accomplish this
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mammoth goal while minimizing the radiation exposure levels of emergency

response team personnel and rescue workers. As the Soviet Union did not

possess this type of equipment at the time of the accident, they initially

pursued outside sources for the robots. The first three robots were furnished

by the Federal Republic of Germany's (FRG) Nuclear Emergency Brigade two weeks

after the accident. Eventually Finland, Italy, Japan, and Poland supplied

remote-controlled devices which complemented those which were developed and

produced by the Soviet Union to specifically address the Chernobyl situa-

tion('). The Soviet Union also seriously considered the purchase of six

mobile robots to be supplied by two separate manufacturers in the United

States(2 ).

The final inventory of mobile robots and other teleoperator controlled

vehicles included the following units: three tracked mobile robots (two

tethered and one untethered), a remote controlled 33-ton bulldozer, and five

remote controlled and biologically shielded/leaded cab concrete sprayers (the

reach of the fully extended five-segmented spraying arm exceeded 60 meters)

from the FRG(3); loaders from the Finnish company Toro; an assortment of

remotely controlled loaders and bulldozers from Komatsu in Japan; a remote-

controlled mining machine from Italy; loaders from Poland; and 11 separate

tethered and untethered (radio-controlled) systems specifically dosigned and

produced by the Soviet Union for use at the Chernobyl accident site. Both

tracked and wheeled locomotion techniques were employed.

Some of the specific duties conducted by these devices included the fol-

lowing missions: removal of the contaminated material from the roof of the

turbine buildings, radiation surveys, visual inspection and surveillance, en-

tombing the remains of the containment building for the destroyed Unit No.4

reactor, cable-laying, pipe cutting (using a welding gas cuting technique),

bulldozing relatively "small" roof areas and extremely large outdoor areas,

decontamination of vertical and horizontal surfaces, and tool transporter(L).

The composite applications and missions for these devices, which collectively

produced the largest mid most intensive use of mobile robotic devices ever as-

sembled in oie concentrated area, saved the health, and most likely the lives,

(1) Adwmov, E. 0. (USSR Kurchatov Institute for Atomic Power), Personal Commu-
nications and unpublished presentation at American Nuclear Society Spon-
sored lInternational Syaposium on Remote Systems and Robotics in H/arsh
Environments, Pasco, WA (USA), March 29 - April 2, 1987.

(2) Worthington, R., Chigcgo Tribune, May 19, 1986, p. 6.
(3) ei ran, H. B. (PH Technologies Inc.), unpublished presentation at Ameri-

can International Symposium on Remote Systems md Robotics in Harsh
Envitowments, Pasco, WA (USA), March 29 - April 2, 1987.



of many of the thousands of workers who were brought into the site to mitigate

the consequences of the accident.

3.2 ACCIDENT NO. 2 - Goiania, Goias, Brazil

In September 1987, an abandoned contained 1375 Ci Cs-137 radiation source

was found in an abandoned building by some of the local population in the city

of Goiania, Goias, Brazil(4 ). As the finders of the Cs-137 container con-

sidered it to be a source of scrap metal, they brought the container to a

scrap dealer. The Cs-137 chloride powder was distributed around the

facilities after the container was successfully opened. Eventually the

released powder contaminated scores of people and a part of the city of

several hundred thousand. This contamination problem was not brought to the

attention of responsible authorities until September 29 when the first of many

people were diagnosed to have symptoms of Acute Radiation Sickness (ARS). At

least four. people have died from overexposure and scores more are still con-

fined to hospitals or are under medical surveillenc by the health

authorities.

Although Brazil received-offers of assistance of remote-controlled decon-

tamination technologies from other countries (the Peoples Republic of China,

Federal Republic of Jermany, France, Italy, the Soviet Union, and the United

States), they elected to proceed independently with this activity using indi-

genous, off-the-shelf mobile teleoperator controlled vehicleaCS). These

vehicles consisted of a four-wheeled mobile robot that possessed a manipulator

arm and two video cameras and a loader/bulldozer that was modified to be

remotely controlled.

The mobile robot was developed several years ago by a Sao Paulo company,

Blump Digitone Ltda. This vehicle was "drafted " and immediately deployed in

Goiania in late October and equipped with a radiation survey meter. All com-

mand signals and visual data were transferred back to the teleoperator via RF

links. As the arm for this robot was not capable of lifting loads in excess

of 5 kg., its manipulative functions were limited to lifting relatively light-

weight loads. Although this vehicle posseassed limited manipulative and sen-

sory capabilities and was not designed to operate in a radioactively con-

(4) Alves, R. A. (President of Brazilian Nuclear Energy Comission), "Prelimi-
nary Report or the Radiological Accident in Goiania", Presentation at
Latin American Section of American Nuclear Society sponsored Conference on
Public Acceptance of Nuclear Energy, Rio de Janeiro, Brazil, March 14-15,
1988.

(5) da Silva, C. B. (President of Blump Digitone, Sao Paulo, Brazil), Personal
Comunications.



taminated environment, it was, nevertheless, still able to conduct radiation

and visual surveys and was able to lift and transport small quantities of con-

taminated material.

The other device was a Massey-Furgeson loader/dozer that was backfitted

to be remotely controlled by a teleoperator located more than 2 km from the

contaminated area (if the need arose to place the operator at this distance).

Its mission was to plow up to I meter of contaminated soil and lift it to a

truck. Initial reports from the site indicated that the success in operating

this device was limited.

3.3 ACCIDENT NO. 3 - Interchange at Interstate Highways 1-70 and 1-79,

Washington County, PA, USA

An MPR-800 mobile robot was used on November 14, 1987 to respond to an

accident involving a tractor-trailer chemical tanker carrying a toxic acid.

The tractor-trailer overturned while attempting to enter Interstate highway I-

70 from a steep grade on 1-79 in Washington County, PA, about 48 km (30

miles) south of Pittsburgh. The roadway was covered with diesel fuel and acid

which had leaked from the tanker.

A demonstration of the mobile robot for the Washington County Emergency

Services group of HAZMAT and firefighting personnel at a local fire station

had just begun when the fire alarm sounded. As all personnel at the

demonstration had to respond to the alarm, which turned out to be for the

overturned tractor-trailer, it was requested that the robot be transported to

the sita of the accident and be made available for service. As soon as the

robot arrived at the scene of the accident lb minutes after the first alarm

had been sounded, it was pressed into duty. A fire hose was attached to its

manipulating arm and the robot proceeded to washdown the roadway surface onto

which the diesel f~el and acid had spilled. The robot remained at the scene

of the accident to provide visual surveillance support of site activities and

to lend assistance to the 11AZMAT crew in the event that additional acid would

leak from the tank or if a fixe could have erupted during attempts to upright

tile overturned vehicle.

The 6-wheeled, 800 kg MPI-800 mobile robot, manufactured by the OAO Cor-

poration of Greenbelt, MD, possess a remote-controlled manipulator which can

pick up loads in excess of 110 kg when the arm is fully extended to 2.5 m.

'urthermore, the robot c tn pick up loads in excess of 220 kg when the

manipulating arm is not fully extendt|. The veihicle also possesses two video

cameras and the whole system communicates with the operator by radio; there

are no cables proselt.
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3.4 ACCIDENT NO.4 - Interstate Highway 1-95, Prince George's County, MD, USA

An IRMI mobile robot was used on March 28, 1988 to respond to an accident

involving a truck carrying a load of dry-cleaning chemicals which had over-

turned when it veered off south-bound Interstate highway 1-95(6). The acci-

dent occu-red in Calverton, Prince George's County, MD, just north of the

Washington, DC 1-495 Beltway, after having blown a tire. The accident caused

a considerable upheaval in the traffic flow on this major highway, as well as

a forced evacuation of several hundred local residents from their homes, be-

cause there was an imminent threat of a spontaneous ingnition of the chemicals

and the possible formation of oxalic acid and chlorine.

The RMI mobile robot was attached as an EOD device to the Prince George's

County police. It was used to survey the accident site and transmit video

images (listing of the contents of the containers, locations of specific

sources of leaks) back to the teleoperator. The 6-wheeled, 105 kg RMI mobile

robot, which was manufactured by Pedeco-Canada Ltd, of Scarborough, Ontario,

Canada, possesses a remote-controlled manipulator which can pick up loads in

excess of 30 kgs and a remote controlled camera. Additional manipulative mis-

sions were not assig-ed to this robot at this time as it was not capable of

lifting the heavy spilled containers (which weighed in excess of 100 kg).

4.0 LMSMS LEARN D

4.1 SUCCESSES

The versatile capabilities of many robots enables them to respond to

situations other than that for which they were originally designed. Many of

the robots and remote-controlled devices employed at the site of the Chernobyl

accident were designed for bomb disposal, earth excavation, surface grading,

and construction missions. Both the MPR-800 and RMI mobile robots had been

designed to operate as explosive ordnance devices. Their utilization as as-

sistive devices for toxic chemical accidents was successfully demonstrated.

The Blump robot was designed to operate as an educational tool was also

infrequently utilized as a show robot. It was, nevertheless, employed in a

highly radioactively contaminated area and successfully completed its assigned

missions.

Despite the list of operational problems encountered by the robots at

Chernobyl presented below, many of them continued to perform under most ad-

verse radiological and geographical conditions.

(6) 1,ancaster, J. and Riley, R., "Danger Hard to Assess When Chemicals Spill",

Washington Post, NMarch 30, 1988, p. B-I -B-2.
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4.2 OPERATIONAL AND PERFORMANCE PROBLEMS

The Soviets encountered several operational and performance problems

while using numerous remote controlled vehicles at the site of the Chernobyl

accident. Most of the problems were associated with the following robot

components: video and vision systems, power supply, tether, communications and

control, electronics, lack of radiation hardening, modularization, mobility,

and decontamination.

The Soviets had considerable difficulty maneuvering their vehicles over

the maize of tethers; these cables limited the mobility of the devices and in

some cases were severed by the tracks of the vehicle, thus forcing the robot.

to cease functioning. The lack of wide-angle lenses and limited use of pan-

and-tilt mechanisms for the video cameras limited the degree of telepresence

of the operator at the scene of operation. Furthermore, teleoperators were

not able to see what they were doing after the intense radiation levels had

caused lenses of video cameras to become opaque. These visual limitations

forced the Soviet personnel to operate the vehicles using line-of-sight

principles, thereby placing them much closer to higher radiation levels than

they had originally intended to be. Tracks and wheels of the vehicles could

not negotiate over much of the obstacle-cluttered environment and also became

bogged down in the semi-liquid melted roof-top bitumen (located on the top of

the turbine buildings). The reliability and availability of the mechanical

parts and the control sy-4tems were also affected by the high (600-800 r/hr)

radiation fields; they frequently failed.

In order to continue using restored disabled robots, it was necessary to

first retrieve them from their stalled position and replace non-functioning

comonents with suitable replacements. As most of the components on all of

the vehicles were not designed to be rapidly and easily replaced, a con-

siderabie amount of time was lost in replacing these nonfunctioning

components. The Soviet scientists were emphatic about incorporating modular,

easy to replace radiatiow-hardened components into their next generation of

mobile robots. Other significant design and performance features that the

Soviets are considering for their wish list of items to be included for future

robots are the use of radij-controlled rather than cable commauication tech-

niques and easily decont(minat-able physical configurations.

The operational and performance prublems encountered at the Goiania acci-

d1et have not yet been quantified and none were noted during the Washington

=od Prince George's Counties accidents.
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4.3 ADVANCED PLANNING

Although some problems regarding the use of mobile robots responding to

Pmergency situations have arisen, these devices have demonstrated their capa-

bilities and versatilities in life-threatening situations. Their contribu-

tions in response to accidents can be effectively enhanced through more ad-

vanced planning and strategic placement of devices in the hands of operators

of emergency response systems prior to the time of an emergency. Specific ex-

amples of the use of mobile robots in these situations were previously

presented by Meieran(7 ).

The operators of the MPR-800 robot, which was originally designed to

remove unexploded ordnance, who were present at the Washington County toxic

chemical accident site claim that the robot can operate for an unlimited time

in temperatures of up to 60 degrees Celsius and for short times in tempera-

tures in excess of 200 degrees. This enables the robot to be , ed for fight-

ing fires and operating in extremely high temperatures in situations for which

the robot was not originally designed.

4.4 TRAINING

Other than the Washington and Prince George's Counties incidents, there

were no trained operators of robotic equipment available at the site and the

time of the accidents. Valuable time was lost during the initial stuges of

the accidents to train emergency response team personnel to operate and main-

tain the vehicles; this time could have been more appropriately directed

towards the efforts to mitigate the coneequences of the accidents which in

turn could have limited the extent of contaminating personnel nid damage to

the environment.

The Soviet scientists reported that they did not have sufficient time to

prepare for the activities for the robots end train their teleoperators. On-

the-fly determinations of the specific missions and operational scenarios

caused some confusion and limited the efficiency of their performance.

4.5 REO0 E ENDATIONS

The considerable size of Lhe Soviet developed data base on the operation

and performance of multiple units should be reviewed for its description of

missions to be conducted at the sites of future toxic incidents.

(7) Meieran, i. B., "Mobile Robot Response to Actions Associated with the
Release of Hazardous Materials", in Proc. American Nuclear Society Spon-
sored Topical Meeting on Radiological IHazards - Perspectives and Emergency
Planning, Bethesda, ND, Septeaber 15-17, 1986.
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Witi respect. to toxic ('hemi('al accidents, other missions envisioned for-

mobile robots ':) be conducted at the scene of the accident include general

visual surveillance, monit.oring the atmosphere and surfaces for toxic chemical

contaminants, decontamination of contaminated surfaces, fighting fires with

water or chemical sprays, off- loading barrels and drums, turning valves

on/off, transporting tools, using hand tools, connecting/ disconnecting hoses,

inspection of vehicles and structures to assess their integrity, and digging

drainage ditches.

5.0 CONCLUSIONS

The use of mobile robots and teleoperaLor controlled vehicles at several

recent accidents has demonstra ted t heir successes and ident ified some of t.heir

design and operational problems. Missions conducted by these robots included

the following functions: manipulation of' material, surveillance/inspection of

the general area, removing contaminated surface material, dismant ling con-

taminated structures, decontamination, construction of shielded facilities,

and removal of contaminated materials from the vicinity of the incidents.

Some of the more significant performance problems that. must. be resolved in or-

din' to enhance the respectability and availability of these systems include:

design and functional considerations, modularization of critical components,

improved performance factors, improved training, and mission assignment

priorities. Acquisition, availability, and training procedures must be est.ab.-

lisihd along with policies to implement the coordination of utilization and

sharing of available resources.

The capabilities of mobile robots responding to radiological and toxic

chemical accidents have been successfully demonstrated and the frequency of

their use in this capacity is expected to dralrtically increase in the near

future. Their imzwdiate deployment at the scene of all accident call i-'

nificantly d1re(.rase the inCidence of injuries and contwaination to personnel

mid destruction of property.
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Introduction

In the past, engineers and scientists have struggled over the concepts of end
effector design. End effectors can be classified into one of three categories;

1. Universal Type
2. Tool Changer System
3. Custom Tooling - Task Oriented

Each classification has distinct advantages which align with task objectives.
Universal type end effectors (Figure 1) are capable of performing a variety of

tasks. With adjustable gripping patterns, they can match the shape of many
objects. The universal end effector is well suited for handling various materials
but it is not task-oriented tooling.

The tool changer systems uses a variety of tools to accomplish tasks.
Typically this end effector system would have a torque transmission shaft inside
the arm which would accommodate specific tool operation. Tool changers tend to
get large and mass increases as the library of tools grows. This library,
incidentally, should contain a universal end effector for handling and releasing
parts.

Special tooling is extremely task oriented and its capabilities are limited to
a finite range. Equipping a Space Station robot with a single task oriented end
effector would be worthless. Designing several pieces of tooling would require a
tool changing mechanism and the mass and size advantages would vanish.

The optimum Space Station end effector is an integration of the universal and
tool changer categories. In addition, size and end-of-anm mass will be reduced by
allowing the robot to function as its own tool changer.

A universal and programmable tool changing end effector, the VERSATOOL Ill.,
was designed to accomplish this. Using the universal end effector as the tool
changer also reduces the size and mass of the tool library.

Immediate needs exist in the Space Stotion Program, nuclear fuel and chemical
industries. The VERSATOOL Ill program was initiated to develop this advanced end
effector system. In addition, some classic end effector problems are solved by
the VERSATOOL III system.

Previous Work

Quite a bit of work has been done in the field of end effectors. Most of this
work falls in the categories of either prosthetics or special tooling. Some work
is being done by companies like Robo-Tech Systems on universal end effector
systems.

It was announced that a computer-controlled electric hand was matched with
the Utah arm (i). The hand has a small motor located in the palm and gear systems
which drive the fingers closed. Power of the grip is adjusted automatically by a
clever two-speed gear train engages, switching the hand into lower gear that can
exert ap to 22 pounds of force. Though the hand weighs loss than one pound, Utah
researchers are developing a lighter model.

Salisbury and Craig designed a mechanical hand (2) with nine degrees of
freedom using three articulated fingers. Each finger has a revolute joint that is
substantially perpendicular to the curl plane of that finger. Articulation is
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induced by teflon coated tension cables. Motors are located in the wrist of the
hand. Each tension cable has a strain gage attached to a critical idler pulley in
a manner that allows indirect measurement of the tension in the cable at any given
time. Often called the Stanford-JPL hand, this mechanism is quite similar to the
hand developed by Okada in 1977 (3).

Jacobsen, et al. have developed the "Utah/M.I.T. Dextrous Hand" (4). This a
tendon driven multiple prehension hand with multichannel touch sensing capability.
Although the design of this hand is prosthetic in nature, they are exploring some
of the traditional robotic challenges. Specifically, should one exchange hands to
obtain new tooling or should the multiple prehension hand be used. Their opinions
tend to follow Robo-Tech's, "At that point, it is probably more desirable to
provide additional functions to individual grippers to reduce their overall
number..." (4).

Industrial robotics applications have brought on a tremendous demand for end
effectors. The manufacturing engineer is encouraged by the robots capability to
perform multiple tasks. This reduces his capital equipment investment. However,
as he searches for the tooling or end effectors to perform multiple tasks, he is
confronted with the cycle time problem. Industrial robots are relatively slow for
manufacturing applications. It takes a robot 2 to 3 times as longer to add a part
in automatic assembly than conventional systems. The trend in industry is towards
special purpose tooling except for unusual applications.

The criteria for a Space Station robot end effector are somewhat different
than those found in industry. Reliability, versatility and capability are more
important than the initial product. Cost, cycle time and payback are secondary to
overall performance. This prompted Robo-Tech Systems to develop the VERSATOOL III
System for IVA and EVA robotics.

Basic Program Technology

It is generally acknowledged that the EVA robot will require end effectors
that utilize interchangeable tooling to perform specific tasks in space station
assembly. Tooling with broad capabilities will increase the versatility of the
EVA robot and decrease system mass and tool changing. A "universal end effector"
must be considered.

Robo-Tech Systems has invented an end effector system for solving these
problems. The system is a universal type end effector which has tool changer
interlocks. Figure 2 shows this end effector opend to grip tooling. The end
effector can, therefore, function as a multiple prehension end effector for
gripping, moving and orienting objects. However, when special tasks demand unique
tooling, the end effector grips and interlocks with that tooling to perform a
unique task (Welders, SHCS Driver, pliers, et. al.).

Power and control inputs are have traditionally been provided by a
mechanical linkage between the arm and the end effector. However, feedback from
electronic sensors cannot be transmitted through a mechanical coupling. Recently,
Clark has invented a self-aligning electric coupler which allows the attachment of
the electrical tooling to the robot am (U.S. Patent 4,545,723).

The Advantages of Interchangeable Tooling

Changing hands is a method of increasing robot versatility. The hand is
separated from the robot wrist, and a new hand is inserted. This process can be
completed within a few seconds. When the entire hand is interchanged, new tooling
or a new finger bending mechanism is made available to the robot. This concept
has advantages because it allows the robot system to handle objects of
significantly different shapes, or to change tooling and perform a manufacturing
function other than material handling.

Changing hands will require some cycle time since the am must move to a new
location, deposit the hand, mve to the new hand, acquire it and return to the
work station.

To reduce the lost cycle time that occurs while the robot is changing hands
some manufacturers have proposed a 'Amultiple hand system'A, where the robot has
several gripping devices attached to its wrist at the same time. By rotating its
wrist, or through some other independent motion, the robot can move a new hand to
a desired position at the work station. Vey little, if any, cycle time is lost
with this concept. The primary disadvantage of a multiple hand system is that
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each hand is carried all of the time at the distal point on the robot arm. This
increases the mass at the end of the robot arm, the most detrimental point
considering both robot dynamics and positioning accuracy. Increasing mass at the
end of the robot arm directly reduces payload capability. Robot specialists
general concur to the mass at the end of the robot arm to a minimum value.
Therefore the VERSATOOL III System will keep the tooling mass attached to the
robot frame to reduce torque and rotation during the work cycle.

The Clark Coupler

A very important breakthrough in electrical coupling was recently patented by
NASA, Marshall Space Flight Center. The inventors, Keith Clark, et. al., have
discovered a coupler that allows the male and female segments to self-align during
the coupling process. The VERSATOOL III end effector will use an improved version
of the Clark Coupler.

The Clark Coupler is made up of a series of contact rings, stacked axially in
a conical design. The number of rings determines the number of contact elements.

No limiting value has been established for the number of contact elements in
a Clark Coupler. It is felt that the number of contact elements is a function of
the size of the coupler. We estimate that 6 to 8 contact elements can be
established in a coupler that would easily fit into the VERSATOOL III palm.
However, it is possible to use 2 or more couplers to significantly increase the
number of control elements if necessary (Figure 3).

Space applications are ideal for the Clark Coupler. The absence of oxygen,
moisture, et. al., allow the conducting surfaces of the connector to transmit
power voltages and control inputs perfectly.

Catastrophic failure, however, is possible due to micrometeorites. To
prevent this problem, Robo-Tech Systems has designed a shielding mechanism which
will cover the coupler mechanism when it is not engaged.

The original Clark Coupler would self-align about the X and Y axes and was
symmetrical about the Z axis. Our application studies have indicated that the
coupler must be capable of accommodating alignment rotation about the Z axis. The
improved Clark Coupler has modified contact elements which will allow Z axis
rotation. These elements also eliminate the risk of entanglement during the
coupling and decoupling process.

The revised Cl~rk Coupler allows the Versatool end effector to easily acquire
tooling and establish control and power voltage and current.

Tool Gripping and Locking

An effhctive tool changer mechanism must have a gripping and self-locking
mechanism that will hold the tools at all times after they have been attached. It
is not reasonable to expect that an electric drive motor would remain in a stalled
state, utilizing current to hold the tool. Therefore the drive motor must act
only as a latching mechanism to either open or close the tool locking mechanism.

Tools must be firmly locked about all 6 degrees of freedom. Robo-lech
Systems has designed a coupler mechanism that will achieve these requirements. The
coupler mechanism uses a VERSAGRIP III end effector. The fingers close aboit the
tooling constraining motion in the X and Y directions and constraining rotation
about the X & Y axes. Tooling is locked into position along the Z axis by small
clamps attached to the main fingers (Figure 4). Additionally, these appendages
prevent the tooling from rotating about the Z axis when it is gripped in the end
effector.

Self-locking of the fingers about the tooling is accomplished by the ball
screw transmission drive and finger opening-closing mechanism. The ball screw has
a unique positive latch which locks the fingers whenever motor current is
withdrawn.

Tool Release

Regular release of tooling is accomplished by opening the end effector at the
tool station and closing the end effector around the base of the new tool to be
acquired. To avoid accidental release of tooling during working operations, a
proximity sensor is located on the end effector to verify that the arm is
correctly positioned against the tool changer.

An emergency condition may arise which would require the availability of a
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universal type en effector. However, the VE.?AGRIP III may be engaged with
another piece of tooling. Under these conditions, the end effector could be
opened immediately, discharging the tooling, and leaving a universal gripper for
immediate use. In EVA robotics, a tooling constraint or recover procedure would
be implemented.

The Versatool Box

Almost any type of tool can be adapted to the VERSATOOL III end effector.
Therefore, much of the Space Station robotics challenge will be to accurately
determine what tools are necessary and design them. Clever engineering will take
advantage of redundancy and standardization to reduce the number of tools to a
minimum practical number. This is a basic description of how some of these tools
might be designed.

The Socket Head Cap Screw Driver Tool

All blind fasteners with "heads" should be of a design similar to the Socket
Head Cap Screw. A minimum number of socket sizes should be established.

The Socket Head Cap Screw Driver would consist of a tool base for location
within the Versagrip hand and an electrically driven hexagonal shaft. The
hexagonal shaft would telescope allowing smaller elements to retract until the
correct size drops into the Socket Head Cap Screw (Figure 5). Torque could be
sensed by a transducer located on the tooling.

This tool could handle a large percentage of the "temporary" fastener
requirements. The remaining hexagonal fastener requirements would be handled by
an adjustable nut driver tool mechanism.

The Adjustable Nut Driver Tool Mechanism

This tooling consists of a base which attaches to the end effector, an
electrically driven torqueing mechanism and a series of single axis, telescoping
hexagonal drivers (Figure 6).

Applying a force along the Z axis, between the tooling and the fastener, will
cause the fastener to push the small sized hexagonal elements down until it nests
properly wit~in the correctly sized tool. Torque can then be applied to tighten
or remove the fastener. Similarly, new fasteners may be applied by acquiring them
from a dispensing element.

Dispensing Tools

It may be desirable to dispense high viscosity fluids such as lubricants and
sealants. These materials could be dispensed in a universal tool which would
handle one or more sealed cartridges. We are currently pursuing a dispenser which
utilizes small standard sized plastic tubes. The dispenser has a cutting
mechanism to open the tube. It can cut the tip at many positions along its
conical sides and at one of several angles, producing desirable flow rates and
patterns. Material is forced out of the tube by two rollers which progress from
the back to the front.

The design of the tube is different from a traditional "toothpaste" tube. The
toothpaste tube is primarily cylindrical. The tube dispensing mechanism developed
at Robo-Tech Systems utilizes a conical tube where the back end has been closed
and sealed. This allows for virtually 100% recovery of the materials present in
the dispensing tube.

Processed tubes are then ejected into a waste container and a new tube is
automatically inserted. Three motors are required to operate the tube dispensing
mechanism along with various transducers.

An Impact Mechanism

An Impact Mechanism (hammering device) would be useful on occasions to
overcome friction locking and other mechanical interference conditions. In all
harrmering operations the force exerted on the target is reflected back into the
arffl of the robot. It is not desirable to have a great amount of force applied to

278



the robot arm. However, to generate impact, a mass must be accelerated from zero
relative velocity and decelerated.

The impact mechanism designed at Robo-Tech Systems 'Figure 7) is based on two
key principals. First, the force transmitted to the robot arm must be nearly, if
not equal to, zero lbf. Second, impact is achieved by accelerating a low mass
"hammer" to a high velocity. That force is balanced against a higher mass object
which will he accelerated to a lower velocity.

The hammer has a small bullet type projectile which is-"driven forward by
springs within an encasement until it extends and strikes the target. The
encasement (the high mass object) reflects the force exerted by the acceleration
of the hammer. However, because its mass is higher, it does not move as fast or
as far in the opposite direction. Momentum of the hammer mechanism is absorbed by
a "shock absorber" before it is reflected onto the robot arm.

An electric motor, located in the tooling base, drives a retracting n.!chanism
which withdraws the projectile back into the casing and compresses the springs.
Rotation in the opposite direction causes the mechanism to release the projectile
and fire the hammer a second time.

Sawing Devices

Two Sawing Devices have been designed for the end effector. The first uses a
simple rotary "drill-type" saw. Two sets of teeth are locateJ on the saw. The
first set is parallel to the cylindrical side wall. The second set of teeth
extends 90 degrees out from the cylinders surface wall (Figure 8). Although this
tool is quite useful for most cutting operations, it is conceivable that a
situation would exist where a large cut might have to be made along a straight
line. Perhaps this cut might even have to be made from a "blind" condition.

The second saw design uses a reciprocating blade which extends out
approximately 4 inches from the face of the tooling (Figure 9). This blade is
electrically driven and reciprocation is generated by a crank shaft linkage
mechanism.

Other Tools

Other tools, welders, soldering devices, etc. can be designed into the
VERSATOOL III System. For many of the gripping and clamping applications, tile end
effector will do the task. It is desirable that the number of tools be kept to a
minimum in order to keep the system practical. A study of parts should be
initiated to determine what tools are necessary to add and remove parts.
Additionally, engineers should be employed to design tools for servicing the Space
Station elements.

Down, Around and Under

During a recent discussion with Dr. Byron Purves, Boeing International, he
stated that "The primary challenge for the end effector will be in getting down,
around, and under objects to perfor critical tasks." We reacted favorably to
this challenge at Robo-Tech Systems. The VERSATOOL III System contains a design
for tooling that will allow the robot arm to reach into unusual places. For
example, gaining excess to electrical components through a 1/2 inch diameter hole
or reaching under a 1/2 inch slot and bending back and up towards tle front panel.

The tooling will clamp into the Versagrip III end effector in the traditional
manner it uses a small "elephant trunk" finger, approximately 24 inches long, to
reach around corners and into unusual places. The finger mechanism is a series of
parallel plates connected by tendons which are powered by electric motors in the
tool base. Motor operation causes specific to-dons to extend or retract,
resulting in curling at specific positions along the finger itrelf.

An additional end effector is attached at the end of the iinger. We
anticipate this will be a small 3-jaw chuck type gripper because of its conpact
size and high versatility.

Computer simulations of the finger mechanism show that it is capable of
bending completely around through 1,0 degrees If necessary. We expect that this
end effector will solve many of the "service to inaccessible locations" problems
which currently have engineers concerned. This tooling breakthrough presents a
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strong argument for the use of robotics in space. The VERSATOOL III System is now

able to gain access to areas that an astronaut would have difficulty servicing.

Future Plans

Although the design for a VERSATOOL III System has been completed, a complete
system has not been built. This is the next major phase of the program.
Additionally, it is important to perform a study of Space Station parts to begin
the design of the tooling necessary for fabrication and servicing.
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Mr. Engelberger is President of Transitions Research Corporation (TRC), a
young automation technology corporation in Danbury Connecticut specializing in
service industry applications of robots. Mr. Engelsberger has B.S. and M.S.
degrees in physics from Columbia University. He is mot widely known for helping
to establish robotics into industrial markets by founding Unimation, Inc., and
providing the PUMA robot family as the company's chief product. He led the
company until just before its acquisition by Westinghouse Corporation and for a
while primarily served as a consultant. His current interests at TRC include a
thrust to broaden the applicability of robotic systems to a larger industrial as
well as domestic base than that existing now.
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ABSTRACT

Much work has been done on the assembly of parts requiring implementation
of a "peg in the hole" procedure using a single robotic manipulator guided by a
force/torque transducer mounted near its end effector. In tasks such as the
assembly of large structures, it may not be feasible for the object to be
manipulated by a single robot. Two (or more) robots can more easily share the
load and provide accurate end point guidance for parts mating. Force/torque
sensing at each robot can support the required functions of relieving
constraint forces and insertion guidance. This paper shows how information
from the sensors is divided into feedback signals for these functions in a
stable manner. A design example of such a system is given.

INTRODUCTION

in the assembly of large space structures, it is necessary to manipulate a
single workpiece using multiple robot arms. This may occur when a relatively
large workpiece must be located with great accuracy. Cooperating robot
manipulators are also used in situations when the mass of the workpiece exceeds
the capabilities of a single manipulator.

The control approach required for multi-arm manipulation differs
significantly from that used in autonomous robotic operation. When two arms
grasp a single workplece, the resulting structure fouAs a closed kinematic
chain. The number of actuators in this new stru'ture is greater than the
minimum needed to position the workpiece. This redundancy can result in the
creation of constraint forces within the workpiece. Such a condition is
brought about when position o* orientation errors caused by manipulator
miscalibration, grip point sli~page, or similar effects cause interaction
between the various actuators in each arm. These forces may be of sufficient
mangnitudo to make accurate positioning of the workpiece difficult to achieve.

One method of relieving constraint forces utilizea force/torque
transducers located at each gripper to oeasure these forces, and to estimate
from this information the magnitude and direction of trajectory and orientation
errors that will compensate for the errors 111. Previous work has also shown
that force/torque sensors can be used to implement active compliance for
insertion of a rod into a hole 12). It seems quite seasible that the same
force/torque sensors can be used for both tasks, and, in addition, for
balancing the load between the two manipulators.

The present paper ptesents a design for a controller to allow two robot
arms to control a long object such as a beam, and insert one end of it into a
contlector. it is assumed that the connector takes the form of a socket and,

when insertion is done correctly, is self locking. Primacy guidance for both
robot arms might be derived from a television camera until the beam comes into
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close proximity to the connector. At this point, visual guidance is secondary,
and force/torque feedback is used until locking occurs.

RELIEVING CONSTRAINT FORCES

Consider first the more general problem of relieving constraint forces
when multiple arms grasp a common object. The development herein follows that
given in (13. A model of two robotic arms grasping an object is shown in
Figure 1. An arbitrary space fixed coordinate frame OXYZ serves as a global
reference while body-fixed local coordinate frames are attached to the baoe of
each robot (01X1Y131 and O2X2Y2Z2 ), to each of the two grippers (0G1X01Y0 12G1

and 002XG2Y02 %G2 ), arid to a point on the object being manipulated (OpXpYpZp).

The relative position and orienaition of voodinate frames is described
using homogeneous transform techniques developed by llartenberg and Devavit [33.
Let [D1 ] and [B2 ] represent transforms relating the base frames of each robot

to the global frace while (013 and (02) relate the gripper coordinate frames to

their respective robot's base. The location of a reference position on the
object being manipulated in the global frame is designated at any particular
instant in time by the transform (C). In order for the manipulators to move
the object through a desired trajectory, each of the two manipulator
controllers must implement its own path represented by

1T2) - -l [CI (G2 '1"  (2)

It can be seen that the success of multi-arm manipulation is heavily '3ependent
on one's knowledge of the transforms [B] [B] [G] and 1G2). While the "

manipulator itself may be accurately calibrated, its ptositton with respect to
the global frame, and also the posltion of the giip points on the oblect may
not be known to high accuracy.

The errors introduced can be represented by two vectors in homogeneous
coordinates
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IE1] 1 T1 I- Tla (3)

[E2] = [T2 s] T2a] (4)

where the subscripts a and s refer to the specified and desired
transformations. It is possible to compensate for one of these errors by
modifying positional guidance. However, the error [E2 ] will cause constraint

reactions to be developed within the structure being manipulated, which can
result in undesireable deformations of that structure. This is especially true
in space applications, where the object being manipulated is sometimes more
flexible than the manipulators.

Constraint reactions may also result from the static loading associated
with the weight of the workpiece (when in a gravity field), from dynamic loads
corresponding to the rigid body motion of the system as well as from the
flpxural vibrations of the structure, and from other sources (actuator
co.pliance, stiction, damping, contact with environment, etc.). For purposes
of this investigation, it has been assumed that the robots are moving at
relatively low speeds and that the constraint lorces due to errors in the (Bl],

[B2], [G1 ], and [G2] matrices are large when compared to other sources.

INSERTION ALGORITHMS

In order for the object to properly mate with its end connector, an
insertion algorithm must be synthesized. Previous efforts (2] have shown that
insertion of a peg with a single manipulator using active control is feasible
if the contact process is analyzed and broken down into different regions. A
separate control strategy is specified for each region. The number of regions,
and the control stratagies to be utilized, is dependent on the geometry of the
particular problem.

In the present situation, it is assumed th the connector into which the
object must be mated was designed for "easy nsertion". The insertion
algorithm must provide translatory and rotational guidance to complete the
insertion; however, the object need be inserted only a short distance before
locking occurs. To simplify translatory guidance, the object is tapered for a
short distance at its end. The object anel locking connector is shown in Figure
2.

TUC~ 0"JCT 6 O K"N " a AN~D Vue IkCLI4 cos&gCl
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A short insertion distance implies that all points of contact between the
object and the connector are clustered at the object's end; a priori knowledge
of the point of contact is beneficial in constructing the control strategy.
The insertion process was divided into two regions and a control algorithm was
constructed for each:

o Contact occurs along the tapered portion of the object end

When contact occurs in this region, the taper of the object causes a
component of the contact force to be transmitted axially along the object.
For a circular object, a radial force *s also transmitted inward toward the
axis of the object which can be resolved into cartesian components which
are dependent on the orientation of the coordinate system. The forces of
contact can be resolved into an equivalent force system which is located
at a fixed reference point at the center of the crown of the taper; see
Figure 2. The forces at this point will have the same magnitude and
direction as those at the point of contact; moments will be present at the
reference point to account for the change in position. These moments will
be small because of the short length of the tapered system.

o Contact occurs after the shaft has entered the connector, but before
connection occurs

If the object partially inserts into the connector and jams, then the
orientation of the object is incorrect. This is entirely equivalent to
having a third "gripper" holding the object, located at the previously
defined reference point. Partial inbertion and jamming causes a
deformation of the object. This deformation can only be relieved by proper
position and orientation of the object with respect to the connector. If
the forces and torques at the two robot grippers a.. continually minimized
subject to the constraint that the position of the object within the
connector is correct, then insertion can be completed as the object is
reoriented.

insertion is accomplishei by estimating the forces at the reference point
from the force/torque readings at the grippers, and applying appropriate
correctiont

- Using a beam model gripped at two points, forces and torques ace calculated
at the reference point from the gripper readings.

- If the axial force is significant, contact is assumed to occur along the
tapered portion o. the object, and control proceeds by applying discrete
translatory corrections in the direction of the radial component of the sensed
force, and relieving constraint forces at the outermost gripper.

- If the axial force is small, contact is assumed to occur after a partial
insertion, and control proceeds by applying the corrective translations and
orientations necessary to relieve constraint forces at both grippers.

CONTPOLLER ALGORITHMS

The relation between constraint forces and resulting kinematic error can
be determined using conventional structural analysis techniques. The links of
each manipulator and the object being manipulated can be modeled using an
appropriate global stiffness matrix (K) where the following relationship exits
between constraint reactions and nodal deformations

IF) -KJ Ia} (5)

whero

(F) is a column vector of nodal reactions (forces and moments),

(Kh is a global stiffness matrix, and

(a) is a column vector of nodal displacements.

The matrix (K] is In general singular. However, when the appropriate
compatibility conditions are imposed, a nonsingular version of (K] can be
constructed.

The control strategy is based upon inverting (5) to determine the nodal
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errors (A) corresponding to a known reaction vector (F). The nodal errors are
corrected by appropriate trajectory adjustments in each of the manipulators.

The technique was modified to account for the expected uncertainty in the
coupling matrix components and the presence of errors in the transducer
information. An iterative strategy is employed which converges to the correct
(a) when (K) is incorrect but suitably bounded, and IF] is biased and noisy.

The controller design is shown in Figure 3. Matrix [K * represents an
approximation of (K]. A cumulative estimation of (6) is found using the
expression

ID * - [D n I + tK*) 4 (F) (6)

where ID* n  is the estimate of (6) obtained after n iterations. The

force/torque reading at the nth iteration may be expressed by

(F) - (1( 16n ) (7)

where

(6n - JD nI - (6) (8)

The error at any iteration is found by combining (6) and (7) to obtain%

(an+,] W I[*]IK) [Gni (9)

The above will converge if

S- K*I-1 (K) 11 < 1. (10)

CONTROLLER DESIGN

The controller will be implemented with two Lord 15/50 force/torque
transducers, one on each gripper of two PUMA 560 robots. Computations will be
performed on two INTEL 8614 microprocessor boards, one dedicated to I/O between
the sensors and the VAL 11 language on the robots. The second 8614 board will
perform the calculations. A diagram of this system is shown in Figure 4.
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To implement the controller, [K was obtained by considering the object
being manipulated to be a beam element with three nodes corresponding to the
two points of contact of the gripper, and the reference point of contact. The
forces and momenta on the object at its three nodes can be represented by

IF) * ( FX, Fy1, Fzl, Mx, Myl, Ml, Fx2, Fy2. Fz2 , 1xl#

My2 1 K1 2 ' Fr# Fyr , Fzr, Mxr' Myr , Mz)
T  (11)

and the corresponding displacement vector is represented by

ID) u l vl , w1, ex, By, 0z, u2O v2 , w2 , 0,,, By2 f

02, ur, vr ' Wr e. e eat T (12)

where Fx , Fry, Fz are forces one their respective cartesian axes, Mx ' my, yN are

moments about these axes, u, v, w are displacements about the x, y, and x axes,
and G., eyl 6. represent angular deviations these axes. It is possible to

construct a stiffness matrix relating these quantities using beam theory. A
sample beam element is shown in Figure 5, and its stiffness matrix is shcwn in
Figure 6. The assembled stiffness matrix is of dimension 18, larger than is
feasible to reproduce here. From the definition of the problem, it is assumed
that the reference point on the object, i.e., that point where the object meets
the connector, is at itS proper location. This implies a set of boundary
conditions for the system, and the original stiffness matrix may be partitioned
into two matrices, one relating forces at the gripper to gripper error (the

(K*) matrix) and the other (called the (K') matrix) predicting the forces at

the reference point. The matrix K*1 will now be invertible yielding the
following relations

(0D n+1 ] - [D'n  + { P 
"1  |Fl) + (D'eI]

IF21 - (K') IK* ]-1 IFl) (13)
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where
(FI] - (F X, Fyle FZl, MX, My,, KZI, F x2' ' Fz2' Nx2l My21 KZ )T
DI) - (U, Vie Wi, )xl, eyll W U2 ' v2, w2e O.2. Oy21 Oz2 T

(F2] - (Fxr, Fyr, Fzr, MxrD Hyr, 14z) T and

ED#rl| is the correction to be applied when contact is made with tapered
portion of the object.

The control algorithm consists of computing JF21 from (13) and determining
whether Fir lies above a threshold that would indicate contact on the tapered

portion of the object. If so, a the object is moved a small discrete amount
(D'rl] which is proportional to the axial insertion velocity of the object and

in a direction to alleviate the contact force. [Dlril contains displacements

only, and the net displacement is reflected to each gripper using appropriate
transforms.

CONCLUSIONS

This paper outlines control algorithms for two robots inserting an object
into a connector that is currently being implemented. The algorithm is based
on two successful previous experiments, one to relieve stress caused by two
robots gripping an object, and the second to insert an object into a hole using
active force/torque control. The technique employs a network of force/torn-ip
sensors to implement force feedback used by both tasks.

The system described is currently under construction, and it is hoped that
some data on its effectiveness will soon be available.
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ABSTRACT

With the design and development of the Orbital Maneuvering
Vehicle (OMV) progressing toward an early 1990's initial operat-
ing capability (IOC), a new era in remote space operations will
evolve. The logical progression to OMV front end kits would
make available in-situ satellite servicing, repair, and con-
summables resupply to the satellite community. Several concep-
tual design study efforts are defining representative kits
(propellant tankers, debris recovery, module servicers); addi-
tional focus must also be placed on an efficient combination
module servicer and consummables resupply kit. A remote ser-
vicer kit of this type would be designed to perform many of the
early maintenance/resupply tasks in both nominal and high
inclination orbits (28.5 deg and 90+ deg). The kit would have
the pability to exchange Orbital Replacement Units (ORe's),
exch".jge propellant tanks, and/or connect fluid transfer
umbilicals. Necessary transportation system functions/support
could be provided by interfaces with the OMV, Shuttle (STS),
Space Station (SS), or Expendable Launch Vehicle (ELV).

INTRODUCTION

With the deployment of the NASA Orbital Maneuvering Vehicle (OMV), many space-

craft services will be available in the early 1990's. The OMV's primary missions

are of a retrieval and delivery nature based at the Space Transportation System

(STS) or Space Station (WS) (Figure 1). In addition, in-situ spacecraft servicing

may be performed by the OHV with special purpose front end mission kits. The ON'
kits wduld be capable of performing remote maintenance of spacecraft. The OMV will
be capable of providing propulsion, attitude control, data handling and communica-

tion, and power for the Smart Front End (SFE) kit.

The remote servicing of spacecraft falls into two main categories: replacement

of failed elements (orbital replacement units (ORU's), batteries, etc.) or consum-
mables resupply (propellant, pressurant, etc.). The capability to replace failed

modules and resupply consmxmables offer satellite programs a reduced operating cost

when compared with the eeplacement of an entire satellite.
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Figure 1. ORV Configuration, View of Front Face1

REQUIREMENTS

The muquiremcents on the SFE kit fall into three categoriest. capability, con-

trol, and interfaces. The SFE kit must be able to remotely repair, maintain, up-

grade, and return spacecraft modules. Additionally., resupply of spacecraft con-

aurmmables such as hydrazine, bipropellant, helium, nitrogen, and cryogens is

required. The fluid system interfaces must be minimal leak con ,,ctors and auto-
mated/Extravehicular Activity (EVA) couplings. The SPE kit wil.' be remotely oper-

able in an autonomous (wan supervised) mode. The backup control would be tile tele-
operations mode. The ORU interfaces on the EFE/spacecraft would be operable by the
servicor mechanism, by EVA, and by ground operations. The SPE kit would interface
with the STS, SS, Expendable Launch Vehicle 'FIN), and primarily the OMV. The sFE

must utilize and interface with the W~V subsyst,-;".

DESIGN2

The SPE conceptual system configuration is shown in Figure 3. The SPE mass

and volumie (700 lbs.dry, 176 iii. diameter) characteristics make it feasible for

1. Users Guide for the orbital Maneuvering Vehicle, MSFC, October 19$~7.

2. Based on Contract NASB-35625, Servicer System %Ugerls Guide, Wintin Marietta,
July 1996.
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Figure 2. SFE Requirements

-- PFigue 3. S 'E Design

various transportatiotn elam~ofts. The St (lesign has two major CL onleltts: the

servicer mechanism arm(s) and a module/tank storage rack.

Tite arm(s) deliqo consists of a pivotingj system that may accommodate axial a
radial module oecliatigo, and is adaptable to Various module configurations and alt

native uses. Tile maiti, arm e iomonents are a shoulde" roll drive, a shoulder pitchI
drive, an upper arm mCmbo, aui elbow roll drive, a foroairm, a wrist pitell drive,

a wrist roll drive, and all end oefetor. Th arm has 6 duqroes-of-fredo" and
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*iitd dexterity. The end effector conce't wo%.ed be desioned to: mate with inter-
azIo fl chanims aand Ifluid inte:face units, to c.:;erate . latching mechanism, in1

prl-nidc ; n electrical connection.

The purpose of the storage rack is to :)rovide structural support for the
repl,:emcnt modules, servicer mec-hanism, and docking probe. The storage rack aft
en3 interfaces directly with the ,MV. Compatib.l .ty w:.th the STS is obtained by

thc addition of a flight support system. The 17 in. diameter cylindrical envelope
shouLd make the storage rack compatible with most of the feasible carrier vehicles.
The basic storage rack configuration is a truss consisting of four frames that con-

nect the central transition fitting to the OMV attachments and that supports the
modules through the interface mechanisms. The servicer mechanism attaches to the

transition fitting. The outer ends of the four trusses are stabilized through sets

of braces.

The conceptual design of the SFE kit was based on the simple nature of the

module exchange and fluid resupply tasks. The activities of remove, flip, relocate,

and insert modules/servicing attachments, when combined with pre-defined arm(s)

trajectories, were used to create a simple design in terms of mechanism configura-

tion, control system design, and operations approach. The supervisory mode of con-
trol would be the normal mode of operation. It consists of automated sequences of

trajectories that are determined before flight. The operator assisted mode is a
modification of the supervisory mode in which the operator provides inputs to the
computer fo, each action of the servicer in its performance. A manual backup mode

would be provided in the event of failure of the other control modes.

The conceptual design shown is based on the Integrated Orbital Servicing System

(TOSS) 1-g prototype operating at NASA Marshall Space Flight Center (MSFC). The

single arm design can perform most of the early defined servicing tasks (ORU

exchange, fluid resupply). If further analysis and safety/redundancy requirements
prove to be drivers, an additional arm could be connected to the shoulder. The

second arm, with additional dexterity, could perform more difficult tasks (solar

array changeout). Eventual capability may evolve to a Flight Telerobotic Servicer

(FTS) class which could perform many servicing tasks, planned or unplanned. A FTS
would be accommodated by either a hard mount to the SFE storage rack or interfaced

with the existing FSE arm.

SERVICING OPERATIONS

The primary mission of the SFE kit is to remotely exchange failed spacecraft

modules and replenish spacecraft consummables. The servicer system should be oper-

able in a variety of control modes and has the capability of performing its servic-

ing functions when carried on various carrier vehicles. The spacecraft servicing

will range from nominal to high inclination Low Earth Orbit (LEO). Additionally,

the capability exists to service Geosynchronous Orbit (GEO) assets.

ORU module exchange is normally performed along two spacecraft directions. The

first is an axial direction where the modules are moved parallel to the docking W

tystem centerline. The second is a radial direction where the modules move alo4

a radius, or perpendicular to the docking system centerline. Basic module exchange
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provides l4titude in servicing missions since no adapter hardware is required for
the servicer end effector to perform the module exchange. In all servicer functions,

the first step in performing servicing of a satellite is to unstow the docking
mechanism followed by a checkout of the entire servicer system. Then the front end
kit is docked to the spacecraft using the OMV docking probe. The SFE arm then

positions and orients the end effector for module exchange. The end effector, moved

under control of the system computer, is positioned so the SFE kit TV camera can
acquire and verify the target. The arm moves the end effector in and it mates to
the interface mechanism on the ORU. Upon mating with the module, the electrical and
mechanical interfaces between the ORU and spacecraft are disconnected using the
mechanical drive of the end effector. The module is then removed from the space-
craft. Upon removal, the ORU would be stored in a vacant rack of the kit (a second

arm could temporarily hold the spend ORU). An operating module is then placed in
position on the spacecraft, similarly to the removal process, and all electrical and
mechanical interfaces are verified. Following any module exchange, the servicer is
ready to perform other functions or undock from the spacecraft. The basic module
exchange process can accommodate a wide range of modules. Within the constraints

of the SFE kit and the OMV, a single module could range up to a 40 in. cube and
weigh approximately 400 lbs. Larger modules could be accommodated but require con-

sideration with regard to the storage rack and the module exchange trajectory.
3

The term fluid resupply denotes the replenishment of any fluid, either liquid
or gas, involved in spacecraft systems. Spacecraft resupply can be achieved by

s veral methods:

1. When servicing operation requires a large quantity of fluid, a dedicated

tanker system, such as Orbital Spacecraft Consummables Recovery System

(OSCRS) could be sandwiched between the OMV and the SFE.

2. When lesser amounts of fluid are required:

a. Exchange of propellant tanks, i.e., treat tanks as ORUs.

b. Carry small tanks in the kit storage rack as a supply vessel for the

fluid transfer.

c. Utilize the OMV residual propellants.

In the stored position, the fluid resupply module is flush with the front face

of the SFE storage rack. The interface between the fluid resupply module and the
SFE is simple, mechanical fastening system with electrical connections for control
and monitoring functions. Integration of the fluid resupply module with the FSE is

a simple operation which can be performed at the Space Station, at the STS bay, or

onthe ground, thus allowing operational flexibility. The fluid interface unit
includes a set of fluid disconnects mounted on a translation device and connected to
the resupply tanks by a flex hose. The translation device can be picked up and

mated to the spacecraft interface by the servicer arm or mated automatically. During

the fluid transfer operations the servicer arm can free itself from the fluid inter-
face unit and be used for other tasks. However, the arm reach would be limited due

3. Servicer System User's Guide, Martin Marietta, July 1986.
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to the hose connections. Fluid disconnects are used during fluid transfer to make

temporary connection for the resupply operation.
4

Initial servicing locations will consists of LEO operations, typically nominal

(28.5 deg) and high (90 deg) inclinations. Nominal inclination satellites may be

serviced by the SFE based at the STS or SS. Figure 4 shows a typical sexcvicing

scenario, (i.e.) Advanced X-Ray Astrophysics Facility) as well as elapsed mission

time, for the STS based OMV/SFE. In this concept, the Orbiter would deliver the

OMV/SFE to orbit and the OMV/SFE would transfer and mate with the target. The

Orbiter would remain in orbit after deploying the OMV/SFE and await its return.

After the servicing activity, the OMV/SFE would return to the Orbiter for its return

to Earth. The total mission time is approximately 29 hr w'th 6 hr servicing time.

9 RENDEZVOUS AND *SEPERATE FROM S/C
DOCK W/SPACECRAFT T9=26.5 hr

'Te=20.5 hr

*DEPLOY OMV/SERVICER• Te=O hr _ _ Teq2,,.hr
SRETRIEVE OMV/SERVICER------ hr' a . t BERTH

*SAFE OMV/SERVICER

Te=28.6 hr

LUNCH

Figure 4. LEO (28.5 deg) Inclination Servicing

Figure 5 shows a typical high inclination servicing scenario (i.e., Earth

Observation System polar platform), as well as elapsed mission time, for an ELV

bazed SFE. in this concept, the OMV, or some version of the short range vehicle,

would be based at a platform. An ELV would deliver the SFE into a stabilized orbit.

The ONV would rendezvous with the SFE and deliver it to the target platfotrm. After

the servicing mission, the OMV/SFE could translate and service another asset or

return to a base platform. Future deliveries may only include payload to be

exchanged. The total mission time, for onn asset, is approximately 15 hr with 6 hr

servicing time. (Note: EOS used to generate timelines.) Xt should be noted that a

4. Fluid ResutA v and Module Euhange Integration Analysis, Martin larietta,
DeZcmbe66r8 97.
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i SERVICING COMPLETE
Te=15 hr

Figure 5. LEO (90 deg inclination) Servicing

Western Test Range (WTR) STS would follow an operational sequence similar to the

nominal inclination operations.

SUMMARY

An OMV SFE kit will provide cost-effective, efficient on-orbit satellite ser-

vicing. Lower Earth orbit servicing will be available for many spacecraft requiring

ORU exchange and consumumat.es resupply, An initial SFE kit would be capable of

preprogrammed and teleoperation tasks and interfacing with basic mechanisms. SFE

evolution (Figure 6) may consist of a more dexterous servicer with an additional arm

for more difficult tasks. Eventually, the capability to perform comxplex tasks will

be available.
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ABSTRACT

Two types of inflatable end effector tools have been developed by OLIS
Engineering to provide a compliant, controlled force grasping device for
handling delicate composite structures or other items incapable of
withstanding concentrated handling loads.

1.0 INTRODUCTION

Two variations of inflatable end effector tools have been developed by
OLIS Engineering under a Phase II NASA SBIR contract. The primary purpose
of developing this technology was to provide the capability of grasping
delicate composite components for assembly of large structures in space.
Several other benefits and applications of this system became apparent
during the course of the development effort. The inflatable end effector
tools utilize controlled air pressure to inflate a bladder of two
distinctive configurations to provide the grasping force. Grasping forces
can, therefore, be predetermined and set simply by controlling the maximum
air pressure for that particular operation. Removal of the air pressure
from the system deflates the bladder, releasing the item being grasped,
and establishing a clearance situation for repositioning of the
manlpulator.

2.0 SYSTEM DESCRIPTION

The inflatable end effector tool system developed consists of two end
effector tool assemblies (EETA-I and E=A-2) and a pneumatic control unit
(EETCU). The end effector tool assemblies are desinned to interface
directly with the standard !nd effector on the manipulator arm, and are
controlled by n single pneumatic line to the pneumatic control unit.
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In addition to the tool assemblies and control unit, a tool assembly
storage module (TASM) is provided for storage of the tool assemblies when
not in use. This unit permits access to the tool assemblies by the
manipulator arm for special operations, while permitting use of the
standard end effector when desired.

2.1 END EFFECTOR TOOL ASSEMBLY - TYPE I (EETA-1)

The EETA-1, as shown in Figure 1, consists of a central telescoping
spine surrounded by an inflatable convoluted bladder. The forward end of
the bladder is attached to the telescoping section of the central spine by
a protective nose guard, and the aft end of the bladder is attached to the
fixed section of the central spine by a clamp which also provides an air
tight seal. Rotational stability is enhanced by support wires molded into
the aft end of the bladder convolutions. The aft portion of the EETA-1
interfaces with the standard end effector on the manipulator arm. The
EETA-1 shown in Figure I has been designed to interface with the end
effector on the Proto-Flight Manipulator Arm at NASA-MSFC. The EETA-1 is
designed to grasp items without specific handling points, and due to it's
large inflation ratio, can handle a large range of tasks not previously
feasible without task-specific end effectors.

0 0 00 o .-0 -

Figure 1. End Effector Tool Assembly - Type 1
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2.2 END EFFECTOR TOOL ASSEMBLY - TYPE 2

The EETA-2, as shown in figure 2, consists of a fixed central spine
surrounded by an inflatable bladder. The bladder is retained on the spine
by a probe shaped bladder guard, which also serves to protect the bladder
and assist in the insertion of the EETA-2 into a handling point.
Compliant bumpers on the face of the tool assembly safely limit the
insertion of the tool assembly into the handling point, and prevent damage
to the item being handled. The aft portion of the EETA-2 interfaces with
the standard end effector on the manipulator arm. The EETA-2 shown in
Figure 1 has been designed to interface with the end effector on the
Proto-Flight Manipulator Arm at NASA-MSFC. The EETA-2 is designed to
grasp items with specific handling points, or items such as tubing or pipe
where the EETA-2 can utilize existing deep holes as handling points.

Z0

Figure 2. End Uffector Tool Assembly - Type 2
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2.3 END EFFECTOR TOOL CONTROL UNIT (EETCU)

The EETCU, as shown in Figure 3, provides either the EETA-1 or EETA-2
with controlled pneumatic pressure as specified by the operation to be
performed. The EETCU is a manually operated unit, and was designed for
development testing of the end effector tool assemblies at NASA-MSFC.
While adequate for experimental and similar limited operations, more
sophisticated control systems are contemplated for production operations.
The EETCU, whezi supplied with standard shop air(125 PSI maximum) or dry
Nitrogen, regulates the inflation pressure supplied to the eni effector
tool assemblies prior to inflation, inflates the end effector tool bladder
to the preset pressure, and deflates the bladder when desired. In
addition to shop air or dry Nitrogen, the EETCU requires 110 VAC power for
operation of solenoid valves, switches, and status lights.

POWER

IPLATINM.ATE VENT Vl?

OPEN CLoSWO OPE.I CLOg[OINLET

PUIW PUJg

10INP L AT"

Figure 3. End Effector Tool Control Unit (EETCU)
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2.4 TOOL ASSEMBLY STORAGE MODULE (TASM)

The TASM provides secure storage of the end effector tool assemblies
when not in use and permits remote changeout of the tool assemblies as
needed for specific tasks. The TASM consists of a sturdy base appropriate
for the specific application supporting a storage module for each tool
assembly. The tool assembly is inserted into the receptacle and turned
clockwise to engage a latch. The manipulator arm end effector releases
the tool assembly, and the pneumatic control line is disconnected at the
quick disconitect fitting on the tool assembly. When needed again, the
manipulator arm end effector grasps the interface on the tool assembly
desired (this action also reconnects the pneumatic control line), turns
counter-clockwise to disengage the latch, and removes the tool assembly
from the TASM.

3.0 OPERATION

The operation of the EETA-1 and EETA-2 differs only in the handling
point requirements. The EETA-1 can handle items by being placed in any
convenient cavity within the range of the inflatable bladder, while the
EETA-2 utilizes a deep hole of a specific size on the item to be handled
which either has been provided specifically as a handling point or, by the
nature of the part, already exists. An example of a typical operation
using each type of tool assembly is described in the following sections.

3.1 EETA-1 TYPICAL OPERATION

Figure 4 shows the EETA-l positioned within the substructure of a
representative truss-type structural member. Once in this position, the
bladder is inflated to a preset value previously determined to be safe for
that structural member. Upon inflation, the bladder expands and grasps
the structural member as shown in Figure 5. The structural member may
then be positioned as desired by the manipulator arm. Disengagement is
accomplished by simply venting the bladder. The spring internal to the
telescoping spine extends the blaJder longitudinally, providing
considerable maneuvering clearance for retraction of the EETA-1 from the
structural member.
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Figure 4. EETA-1 Positioned Within Structure Prior to Inflation

Figure 5. EETA-1 Inflated - Item Securely Grasped for Handling
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3.2 EETA-2 TYPICAL OPERATION

Figure 6 shows a section view of the EETA-2 positioned within a hole
provided on an item to be handled prior to inflation. Upon inflation of
the bladder to a preset pressure previously determined to be safe for that
item, the bladder expands and grasps the walls of the hole as shown in
Figure 7. The item is grasped firmly by the EETA-2, and may be positioned
as desired by the manipulator arm. The bumpers on the face of the EETA-2
prevent damage to the item being handled. Venting the bladder disengages
it from the walls of the hole, creating a clearance situation for removal
of the EETA-2.

Figure 6. EETA-2 Positioned iii Handling Point Prior to Inflation

00

Figure 7. EETA-2 Inflated - Item Securely Grasped for Hndling
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4.0 ADVANTAGES/LIMITATIONS

4.] ADVANTAGES

The inflatable end effector tool assembly system has several distinct
advantages over other systems for certain specific applications. One of
the more complex problems encountered in handling delicate parts (whether
large or small) is preventing damage to the parts by applying excessive
gripping force while still assuring that the part is being held securely
for handling. Tactile sensors are extremely complex and costly, and point
contact loads often exceed the allowable for a part before it is held
securely enough for handling. The inflatable end effector tool assemblies
can handle such parts with ease, as the grasping force is applied over a
relatively large area with no concentrated loads applied to the part. The
grasping force is 100% predictable, as it is applied directly by the
pressure within the bladder, and is preset for the part to be handled
prior to engagement.

Another advantage of the inflatable end effector tool assemblies over
other systems is their inherent simplicity. EETA-1 has only one moving
part and EETA-2 has no mosving parts. When compared with more conventional
end effectors, it becomes LbvIOUs that maintenance and Life Cycle Cost on
this type of unit will be ccnsiderably less than for the mechanical
grasping devices employed by most end effectors.

As the inflatable end effewtor tool assemblies are connected to the
item being handled by a compliant bladder, a "buffer" or "shock absorbing"
effect is automatically imparted to the system. It is anticipated that
this feature will permit location of many parts simpler, as it allows for
a small amount of flexibility in the system, enabling parts to locate on
locator pins or similar locationai devices with less positional accuracy
requirements being placed on the manipulator system.

4.2 LIMITATIONS

As with all such devices, there are certain limitations of the end
effector tool assemblies which must be addressed. The Oirst and most
obvious limitation is that the tool assemblies are at a distinct
disadvantage when used to handle parts with sharp edges or protrusions
which might cut or puncture the bladders. While a variety of bladder
material may be specified for various applications, the handling of items
with sharp edges or protrusions wil seriously jeopardize the integrity of
the bladders.

The inherent compliance of the system provided by th inflated
bladders, while an advantage in some applications, may prove to be a
limitation with respect to pusitional accuracy in other applications.
Also, as there are no locational constraints on the tool assemblies with
respect to rotation, the exact relationship between the manipulator arm.
and the rotationnl position of ttie item being handled is not fixed, and in
some instances will cause problems in programming automated manipulator
arm tasks.

322



Session V Program B

tHanuftcturi ng of Aerospace and Missile Systems I

Chair: Howard Rae, WJANICON

323



THIS PAGE INTENTIONALLY BLAN~K

324



Keynote Speaker: R. E. Bowles
Chief of Nobility of Technology Planning and Management

LABCOM

325.



THIS PAGE INTENTIONALLY BLANK

. 326



Presented at the Conference on Space and Military
Applications of Automtion and Robotics

21-22 June 1988 GACIAC PR 88-02

ROBOTIC ASSEMBLY OF MICROSCOPIC COMPONENTS

IN MILLIMETER WAVE DEVICES

Copyright May 15W 1500

Steven A. Frok:os:h
Kevin Aufderhar
Honeywell Inc.

New Brighton, MN 55112

ABSTRACT

The Automation Lab of Honeywell, Inc., Armament Systems Division, has developed
a robotic system to perform delicate component assembly operations which are
critical to the high volume production of millimeter wave sensors. This system was
developed as part of a Manufacturing Methods and Technology Program which was
funded by the U.S. Army Armament Research and Development Command (ARDEC).

The system consists of precision robotic devices which are guided by an
integrated machine vision system to acquire, orient and solder gallium arsenide
(GaAs) beam leaded components to a soft substrate. Assembly is accurate to within
+/- .001 inch of a location defined by the microstrip artwork of a generic sensor
circuit.

Component size is .008 inch wide by .025 inch long, including beam leads. A
vacuum pick up tool was developed to manipulate the components. The tool does not
touch the delicate GaAs chip during the operation, and does not apply over three
grams of force to the component at any time. The components are held in position
on the substrate by the tool while they are bonded to the substrate by an
integrated laser soldering system.

INTRODUCTION

A major barrier to economical implementation of sophisticated weapon systems

are the labor intensive production techniques used to produce the complex system

sub-assemblies.

Target seeking munitions, such as SADARM, may employ millimeter wave sensors to

locate and identify potential targets. Due to the high frequency operation of the

MMW circuitry, a sensor designed with discreet components requires the use of

microscopic GaAs diodes. These diodes are extremely fragile and difficult to

manipulate. In addition, the diodes must be soldered to the sensor microstrip with
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an extremnely high degree of accuracy (typically +/- .001 inch) with respect to the

circuit artwork.

In the best scenario, where economical assembly is the goal, these components

would be bonded to a ceramic substrate using thermal compression bonding. When

producing large volumes of sensors,- however, PTFE laminated substrates offer

certain advantages over ceramic. Unfortunately, due to the softness of this

material, thermal compression bonding will result in small depressions in the

microstrip. Millimeter wave experts are divided in opinion on the effect these

depressions have on the performance of the sensor. It has been specified for this

project that the GaAs components be soldered to the circuit. Hand soldering these

components is a tedious procedure, which must be performed by a skilled operator

using a high power microscope. This method is prone to high reject rates and

damage of very expensive components.

Major technical advancements were necessary to make the high volume production

of millimeter wave sensors economically feasible . As part of a Manufacturing

Methods and Technology Program, sponsored by ARDEC, these major producibility

problems were investigated, with the ultimate goal of building an automatic system

to perform the assembly task.

APPROACH

The approach to the task of assembling the sensors was to make use of robotics

and machine vision for component handling, and laser technology for component

bonding.

The precision required for the assembly demands a system which can correct for

inaccuracies which are inherent in any mechanical system. A system comprised of a

servo-driven robot arm guided by machine vision is simply the only approach

currently available. These systems also have an advantage in that they are

flexible and can be converted to other programs or assembly tasks for a minimal

investment.

A soldoring technique using a laser was unvi ioned to bond the components to

the aubstrate. Using this technique, heat could be applied to the solder joint with

pin point ac,.uracy and extreme consistency, without requiring mechanical contact of

a heated tool.
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A tlexible work cell was conceptualized which would make use of these basic

concepts. The work cell (Figure 1) was constructed from purchased robotic and

laser components, and special purpose tooling developed by Honeywell's ASD

Automation Lab.

SYSTEM CONCEPT

The sensor housing, containing the circuit substrate, is fixtured on a three

axis servo driven staging unit. This stage has positional resolution of .5 micron

(.00002 inch) and is guided by machine vision. The diodes are manipulated by a

four axis Cartesian robot, also guided by machine vision. The function of the

staging unit is to precisely manipulate the circuit, using it's machine vision, in

a manner that will compensate )r the position of the circuit artwork with respect

to the stage. It also compensates for small errors during diode acquisition by the

robot. The robot selected was proven, through rigorous testing, to have a

positional repeatability of +/-5 micron (+/-.0002 inch) over a several hour time

span. The stage and robot work interactively to bring the circuit and diode

together in a precisely mated position. This position is chosen to coincide with a

stationary laser beam, which is used to solder the diode to the circuit.

The general idea is to make use of two facts. Pre-determined robot positions

can serve as location datums, since the robot's capability to return to these

positions is known to be excellent. Secondly, the stage's extremely high

resolution makes negligible the error in stage motion with respect to the robot

location datums. The result Is that the assembly accuracy of the system is

limited, for all practical purposes, only by the the robot repeatability, and the

camera and pixel resolution the machine vision system. As an added benefit, the

Cartesian robot's large work envelope and high speed give the system flexibility to

be used for applications in which a large variety of components must be assembled.

Considerable effort was spent in the investigation and testing of commercially

available robotic equipment for use in this system. Ultimately, an integrated

package consisting of a robot, stageand machine vision system was purchased from

Accusembler Robotic Systomr. This system was chosen over several competing systems

for two rec ons. First, tests showed that a Cartesian configuration of ball screw

actuators is inherently the most repeatable multi-axis system available. The

Accutombler Cartesian robot has a work envolope which is several times as large
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as the competitive systems'. Secondly, Accusembler otered a package which was

integrated completely from Accusembler components. The system could therefore be

programmed using a single language, greatly reducing the custom software

requirement.

Our experience was that the Accusembler Cartesian robot and stage were

extremely reliable, accurate machines. However, the binary vision systems used

were not the best suited for the application. Since the analysis of the circuit

artwork is performed by detecting edges, a system employing grey-scale rulers would

be much faster and better suited for the vision processing tasks.

Even so, during extended operation, the system consistently performed the

assembly per the stated accuracy requirement. During the final demonstration for

ANDEC, the system successfully assembled 120 diodes without failure. Although a

minor calibration error shifted the mean of the sample slightly, all 120 samples

were grouped in a range covering ± .001 inch.

The authors wish to thank the Accusembler applications specialists, whose

technical support greatly contributed to the success of the project.

SYSTEM OPERATION

Vacuum release trays containing diodes are placed on specially designed

back-lighted pedestals. A camera on the tooling axis of the robot locates

individual diodes on the trays. This information is used to direct the robot to

position the vacuum pick up tool over the diode. The diode is then removed from

the tray with the tool and transported over the first stage controlled camera

(Figure 2). The robot position at this point serves as the first location datum.

The camera determines the exact offset of the diode from the center of the vacuum

tool (Figure 3).

Next, the stage, containing the circuit, is driven beneath a second stage

controlled camera. This camera's function is to determine the location of the set

down point on the circuit artwork. Information provided by both cameras is used to

calculate the offset motion required by the stage to compensate for all deviations

in circuit artwork and diode acquisition positions on the vacuum tool. The stage

then moves to this offset position.

With the circuit now brought into position by the stage, the robot moves to a

second datum location. This robot position is established so that a diode which is
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perfectly centered in the vacuum tool will be perfectly located with respect to a

stationary laser beam. The stage has previously adjusted for any offset between

the diode and vacuum tool. Consequently, the diode is now held perfectly in

poition on the circuit artwork. If the offset between the diode and vacuum tool

is not too great, the laser beam will hit the bonding site close enough to the

ideal spot to generate a good solder joint (Figure 4, 5).

An Nd:YAG laser, supplied by Control Laser Corporation, whose beam is

transmitted through a path of beam benders to the bonding site, solders one lead of

the diode to the circuit.

After the first diode lead has been bonded, the robot releases the diode and

raises slightly above the substrate. Both the robot and the stage then shift so

that the opposite bonding site is positioned under the laser, and the robot lowers

to hold the opposite diode lead down, Then, the second diode lead is soldered.

Upon completion, the robot goes back to find the next diode on the tray and the

stage positions the next bond site under the substrate measurement camera.

The process of acquiring, positioning and bonding one diode requires 30

seconds. After several diodes have been soldered in place, the housing is removed

from the fixture.

DEVELOPING THE PROCESS

A number of problems were addressed in the development of the diode handling

and soldering process.

A suitable method was needed to transport the diodes from the diode supplier to

the work station. We experimented with Vichem Corporation's Gel-Pak vacuum-release

chip carrier and shipping system. The Gel Pak design addresses the problems of

maintaining diode location during shipping and diode removal. The part trays are

covered with a tacky film and have a vacuum-release feature which allows parts to

be released on demand. To facilitate removal of a diode, a vacuum is applied to

the under surface of the Gel Pak. The film is drawn down over a silk screen within

the pak. This action reduces the surface tension of the diode to (ne film and

qrmits the removal of the diodes by the robot vacuum tool. We found that beamlead

diodes (even those with weak lead strun~th) could be safely picked up and

transferred from one Gcl-rak to another.
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A major effort was directed towards the task of choosing a solder and applying

it to the substrate for the purpose of bonding the diodes.

The solder used in this process is indium based. Indium based solders are good

for applications involving gold. This is because indium drastically reduces gold

"leaching", or the absorption of gold atoms into the solder matrix. Leaching is a

characteristic of tin based solders, which are commonly used in most electronic

circuits. The indium alloy selected is commonly used for the soldering of heat

sensitive components, since it has a low reflow temperature.

Solder must be applied and reflowed very accurately to create solid solder

"pads", which are adequately registered on the circuit artwork. A screen printing

method is well suited to this application. With this technique, solder paste is

squeezed through a screen, or stencil, which has been fabricated with openings

located in the solder pattern required for the diodes. This process requires an

appropriately dosigned substrate/housing assembly to allow the screen to be

positioned directly on the substrate surface.

Once the correct amount of solder has been applied, the substrate is run

through a vapor phase operation to reflow the solder into the solid pads.

To promote wetting of the solder to the component, the solder bumps must be

refluxed. Due to problems associated with rosin fluxes, synthetic fluxes were

investigated. A particular type of synthetic flux, Multicore X-32 has several

highly desirable properties. X-32 is essentially invisible after application,

therefore, it does not interfere with machine vision analysis. Also, X-32 has a

solid content of only three percent. Any necessary cleaning can be performed using

standard cleaning processes and equipment. Vigorous rinsing is not required.

Finally, we needed to develop a means for the robot to handle the delicate GaAs

components. The diodes must be acquired from the gel-pak and placed on the

substrate without any diode damage. To accomplish this, a vacuum pick up tool was

designed to hold the diode in a way that the diode chip is contained in the vacuum

hole. The diode leads, meanwhile act as "keepers" to prevent the entire diode from

being swallowed by the tool. In this way, no mechanical load is ever placad

directly on the GaAs chip (Figure 6). Thu tool is made of a stack of thin metal

sections, giving it extremely low mass. Whon holding the diode to the circuit, a

load of about 2 grams is applied to the diode beam leads. This blade-likQ design

allows the la e;r t,, bond uither diode lead by cimply shifting the robot and stage a

=mall amount, instead of rotating the assembly 100 degrees, (Figure 7).
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CONCLUSION

The results of this project have shown that microscopic beamlead compozents

can be acquired and bonded accurately to flexible substrate material using

automated methods. To be sure, improvements can be made to the system developed

for this project, but the feasibility and practicality of this type of assembly has

been proven. Systems such as this have a definite place in the manufacture and

assembly of millimeter wave devices which utilize these microscopic components.

Indeed equipment such as this could probably be adapted to many tasks requiring

microscopic parts handling and assembly.

rigure 1

Flexible Work, Coll for Microscopic Cctmponont As!se mbly
Dleveloped by Honeywell ASD Automation Lab.
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Figu~re 2

Robot tool holds di.ode over camera.

Machine Vision determineu offset between diode and robot axis.
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Figure 4

SEM photo of diode soldered to circuit.

SEM photo of cross section showing soldor leatd intoirface.
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ABSTRACT

This paper addresses the issues associated with testing Ka-Band Millimeter
Wave (MMW) Transducers in high volume production. The issues include
1) tuning/testing the MMW transducer by trimming a conductor pad, 2) testing
for RF parameters and programming a PROM with transducer specific
information, and 3) interfacing all elements of the test cell through the use
of robotics.

INTRODUCTION

Honeywell has carried out a Manufacturing Methods and Technology (MM&T)
Program* that has addressed the above issues and transitioned the testing of
MMW transducers from the lab into high volume production using robotics,
lasers, and state of the art test techniques.

The MMW transducer represents the front end of a MMW radar system. The
transducer includes a transceiver (transmitter and receiver) and a MMW planar
antenna. The transceiver consists of a component populated substrate nested
inside of a metal housing. The antenna is soldered to a metal wedge located
beneath the housing. The transducer described above is generic by design and
was used specifically for this program.

The standard approach used in tuning and testing this type of device is very
labor intensive. A skilled technician performs the tuning operation by
hand-cutting a conductor pad using a scalpel while observing the operation
under a microscope. The adjusted frequency is then measured. If the target
frequency is not reached, subsequent trim/measure operation(s) are required.
The test process involves manually connecting the power supply and signal
lines, positioning the device for proper antenna beam pointing, setting up
different test instruments, and manually recording information from each
instrument-. The entire manual tune/test process requires 6-8 hours of a
technician's time.

* Contract DAAA21-85-C-0320 Millimeter Wave Manufacturing Methods' and
Technology Program, U.S. Army AMCCOM Armament Research Development and
Engineering Center.
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The simplified block diagram of the test station is shown in Figure 1. Three
separate work stations surround one robotic's parts handler. The work
stations include (1) a laser trim/frequency tune station, (2) a radio
frequency (RF) test cell, and (3) a programmable read only memory (PROM)
programmer cell. Overall control and monitor of operations is provided by
two Intel series 310 computers. The robotic part handler performs load and
unload operations on both the transducer and a PROM. The robotic end
effector is shown in Figure 2. The end effector includes two pneumatically
control ,ed grippers used for pick and place of the transducer parts. It also
includes a vacuum type pickup tool for the PROM package. Operations of the
three work stations are performed simultaneously. Special part fixtures
which automatically make connections and place a simulated transceiver cover
on the transducer housing prior to testing are located at the laser trim and
RF test work stations. These fixtures have an opening which allows the MMW
antenna to transmit into a small anechoic chamber. A scaler horn lens is
positioned at the opposite end of each chamber for the purpose of RF
measurements. For simple frequency testing (trim station), measurements may
be made in the near field. However, the RF test station must have a far
field antenna chamber.

PROCESS DESCRIPTION

The first step in the process is robotic pickup of the transducer. The part
is scanned past a bar-code reader for serial number identification.

The next operation performed is a laser trim/frequency tune. Figure 3 shows
the laser trim system internal parts handling concept. Once the part is
placed into the flgature and the proper power supply voltages are applied, the
transmitted center frequency is measured. Based upon the frequency data, the
computer determines the amount of metal conductor which must be removed from
the resonator pad of the transmitter circuit in order to reach the desired
center frequency. The laser trim system includes simple pattern recognition
(nondestructive edge sense) which is used to find the location of the
conductor pad to be trimmed. The laser used for this process is nd:YAG thick
film system. The effective width of the conductor pad is reduced
symmetrically, This transceiver was designed such that it always operates at
a frequency lower than the specified center frequency. Once the pad has been
tritined, the transmitted frequency is rechecked. If the frequency has not
reached the center frequency specification, up to two more fine tuning (trim)
operations will be performed. This iterative process requires a maximum of
20 seconds.

Once the transducer has been properly 4uned, it is robotically removed from
the laser trim fixture and placed into the RF test fixture. The RF test
fixture (Figure 4) is controlled by pneumatic cylinders which are switched by
the robot's I/O lines, The fixture accepts a transducer from the robot such
that the antenna is pointing downward. The fixture then makes the required
electrical connections., press fits a me~al cover over the part, and
repositions the part so that the antenna transmits horizontally into the RF
test antenna chamber. At the RF test station, a series of five tests are
performed: (1) output power, (2) Voltage Controlled Oscillator (VCO) weep
characterization, (3) VCO linearity, (4) RF to IF gainlbandwith. and
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(5) noise figure. Test data is transferred from individual RF equipment to
the station computer over the IEEE 488 Bus. Total RF test time can take as
long as 85 seconds.

Once a transducer has passed all tests, a PROM package is robotically picked
up from a component feed fixture and placed into a PROM programmer socket.
The PROM is programmed with the transducer specific data obtained during VCO
sweep characterization. It is then picked up by the robot and sent along the
production line with its paired transducer.

Since the three work cells operate simultaneously, the overall rate of
transducer testing is the sum of the RF test time (longest work cell time)
plus one load and one unload operation. The average test time demonstrated
thus far has been under 95 seconds per transducer. Process improvements can
reduce this test time further. Figure 5 includes a summary of rates. The
overall Mean Time Between Failure (MTBF) for the station is 772 hours.

The equipment built is generic rather than product specific so that it can be
easily modified to process several different types of MMW transducers. Since
tuning and testing techniques are very common from one product to the next,
the bulk of the equipment is reuseable. The major effort involved in station
changeover would be the fabrication of new tooling (i.e., part holding
fixtuies, robotic and effectors, connectors, etc.). In an effort to
transition this type of product into high volume production, several
assembly/test process improvements have been implemented and others have been
planned.
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ABSTRACT

This paper describes the development of an integrated CAD/CAM
system for wire harness fabrication. The computer integrated
Manufacturing (CIM) system is based upon a desktop AutoCad Computer
Aided Design workstation and MICOM's Robotized Wire Harness Assembly
system (RWHAS). The CIM system extracts and processes information from
a Computer Aided wire harness Design file to generate the input file
for the RWHAS Executive Controller. The data is transferred to the
RWHAS CAM system via an RS-232 interface. The IRHAS then manufactures
the harness.

INTRODUCTION

In this paper we will be discussing the ideology, the research,

and the development of a true integrated CAD (Computer Aided

Design)/CAM (Computer Aided Manufacturing) system. The concept of a

CIM (Computer Integrated Manufacturing) system is not new and the

development of such a system is not yet a defined science. When

research began on this project it was our intent to create a system

where design could take place on a micro computer and automatically be
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loaded, by means of a VAX, to a fully automated wire harness

manufacturing system. It should be noted here that although we are

speaking of the electrical wire harness fabrication for use in missiles

it is not confined to the weapons industry. This technology has far

reaching impacts into other industries as well. For example, this

technology can be applied to the construction of automobiles,

airplanes, ships, etc. This wire harness in its completed form will be

canposed of a group of wires tied together with ends inserted into the

appropriate connectors for the missile. The wire ends that will not be

used in one of these connectors will be prepared with suitable fittings

to be used as separate connections. We used a microstation CAD package

called AU-OCAD to do all the design work in our system. The CAM system

we are using is called MMHAS (Robotized Wire Harness Assembly System).

The principle robot that is used for 1aWLHS is an IBM 7565. We have

configured this robot for wire harness fabrication. The robot operates

on a formboard table that is calibrated so that the robot will know

where each connector, gate, breakout, etc. is located. A more detailel

description of 1MAHAS ami its components along with AUTOCAD will be

given later. See Figure 1 for flow chart of system operation.

THE CAD SYSTW:

We have elected to use the design package AUTO= on a personal

computer (PC) to achieve the CAD portion of this project. AurO=CAD

seems to be more versatile than the other leading microsystem CAD

packages for this application and it also offers the added dimension of
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an embedded programming language called AUTOLISP. AUTOLISP is a

derivative of the popular programing language LISP, used to handle

lists of characters, words or strings.

The first step to designing a CAD/CAM system was to build our

database for the wire harnesses we would be fabricating. This database

was constructed on the PC using AUTOCAD. Fach wire harness requires

the use of several different components. The first components added to

the database were the "connectors", with corresponding pin insert

configuration, used to connect the wire harness to the missile

subsystems. The wires, with pins attached to the ends, are inserted

into the connector pin holes. Our next entry into the database was the

various "gates" used in the manufacturing process. Like the

connectors, there are several types of gates used. The primary purpose

of these gates is to hold the wires up off the table while fabrication

is taking place. These gates are also used in the software to

determine the start, end, or continuation of "routes." Routes are

defined as the paths wires can take when going from one component to

another. Another caqxowent included in the data package is

"breakouts." Breakouts are used at the beginning or end of wires.

These starting or terminating devices serve to hold the wire ends that

are not prepared for connectors. The final component added to the

database was "ties." Ties are used to tie the wires together after the

wire harness is complete. All of these components were created as

"blocks" so the user could bring them into the drawing and place them
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in the design as one entity. The term "block" comes from AUTOCAD and

defines an object composed of several entities identified as one

entity.

There is a separate database created by AUTOCAD as the design is

performed. This database contains the individual information about

each "block" such as scale, rotation angle, insertion point, etc. This

information proved to be very useful for using LISP programming to

place the routes and write the "From-to" statements. The from-to

statements will carry information about each of the wires that make up

the harness.

The next step was the development of some user interface

facilities. We are presently making use of several utilities offered

by AuTOCAD such as predefined commands assigned to the mouse. We used

AUTOCAD to create customized menus which included all the comxponents in

the wire harness database which are needed to run RAS. With the use

of these customized menus, we have been able to make help screens

available as a menu choice. The menu also provides load and run

options for the LISP programs embedded in the design package. Any

AMrxD commami can be used in conjunction with the specialized menuw

that were created including couands such as EIT, ZOOM, etc.

Probably the most desirable feature of the AMDOC software is the

ability to write au use somewhat complex programs using AUTOLISP. The
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programing language AUTOLISP is a very flexible and very versatile

language. It combines the list processing ability of LISP with the

comnands used in AUTOCAD as well as DOS. There were two very complex

programs needed in our wire harness design package. One program is to

place the routes mentioned earlier and one to accept "from-to"

statements and write all the information to a file that could be

accessed and manipulated by the VAX. The routes, as stated earlier,

are the paths the wires can take. When placing these routes the user

need only pick the components with the cursor. The paths will then be

drawn and written to the data file automatically. The Frum-To

statements, on the other hand, are detailed descriptions of the wires

used in the wire harness. The program created for Frum-To statements

will prompt the user for the necessary information about the wires such

as wire type and gauge. The attributes and data contained in the

drawing are extracted and written to the data file by a LISP program

and the AUTOCAD command ATTEXT (attribute extract). The help screens

are also created through the use of a LISP program.

AUTO= EXTRACTION:

The extraction of design data from AT=AD has been simplified to

a large extent by use of a camiand called ATTT (attribute extract).

This canand automatically extracts data requested from a drawing file

and writes it to a storage file. "ie format and content of this

storage file will be dictated by a template file that must be created

by the programwer. This template file is a list of comnands telling
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AUTOCAD what data to send to the storage file and in what format it

should be. In our particular design we are only concerned with the

blocks when using AThXT. The block name along with the component

number, the rotation angle, and insertion point is required. A file

called RIHAS.TXT was designated as our storage file. After all

necessary data from the blocks has been written to the RWHAS.TXT file,

the file can be appended very easily for the addition of information

from the routes and from-to statements. ATTFT must be executed before

any other appending of the storage file takes place because ATTEXT is

set up to write a file, not append a file. Therefore, data contained

in the storage file is overwritten when ATrEXT is executed.

THE ROBOTIZWi WIRE HARNESS ASSEMBLY SYSTE4

(R*AS)

%*A operations:

IWHAS is composed of several different subsystems. Each subsystem

has its own manager. It-A following is a list of different subsystem

workcells contained ir VHAS:

System Controllev.

Wire reparatom, Cell

Wire Reeling Cell

Wire Termination Cell

Wire Queuing Cell

Wire Layup Cell.
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MMS utilizes off the shelf equipment involving several different

operating systems. All equipment interfaces with the system manager

and are tied together through a multibus.

Input File Characteristics:

A data generator program, which is written in ADA programing

language, resides on a Digital Electronic Corporation's VAX 11/750

cam-,ter. The input file for the data generator contains the necessary

data to run MAS such as type of connectors, wires, and fixtures

n "ed for the harness fabricatioin. The x and y coordinate locations

for all the components used will appear in the input file.

The data generator uses the input file to create various harness

data files which will be sent to the different work cells of W.WHA.

These files will contain lengths of wires needed, types of termination,

and lists of connectors and fixture locations needed for fabrication.

The files which are created by the data generator are then downloaded

to a system controller which will send the necessary infomation to the

wotk cells and monitor the system for errors.

Major Componerew of WAS:

The systcai controller is an Intel 86/30. Data files created by

the data generator on the VA;X are downloaded to the Intel. Ite system

contrller acta as the MW Systa4 Manager and sends out wire harness

data to the various worz cells. 'iie system controller will also
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monitor the system and keep track of where each wire is in the

fabrication process and if any errors have occurred.

The wire marking device which is used in RNHAS is a Westland Laser

Wire Marker (See Figure 2). The Westland is controlled by a Digital

Micro PDP-il computer. The laser marker receives a wire list file from

the system controller. The wire list file will contain the lengths of

the wire required for the harness and how they are to be marked. The

laser marker will choose the wire from sixteen different spools and cut

and mark then. Once the wire is marked and cut, the laser marker will

feed the wire into canisters which are on the wire reeling work cell.

All errors occurring on the Laser Marker will appear on the terminal

for the wire preparation supervisor.

The wire reeling table is a circular table which holds three wire

canisters during operation (See Figure 3). Te reeling table prepares

the canisters for pick-up by the termination robot. The table teels

the cut wire into the canistei- and leaves approximately two inches of

wire extending from the canister chucks. The reeling table is

monitored by the system controller arJ any errors will be detected by a

wire reeling supervisor tenainal.

'W American Robot Merlin 600 performs the wire termination tasks

(See Figure 3). The robot picks up the canisers from the wire reeling

table and takes them to a termination rack where various equipwnt is
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located for wire stripping, twisting, lugging, crimping and soldering.

Once the robot has terminated each end of the wire, the canister is

placed in a wire queuing rack. All errors encountered during

termination are monitored by a wire termination supervisor terminal.

The wire queuing rack acts as the material handler between the

Termination Robot and the Wire Layup Robot (See Figure 4). There are

two canister stations located on the rack. The station will rotate

180 degrees so that the wires will be made available for the layup

robot. After wire layup, the empty canisters are inserted back into

the wire queuing station for pickup by the termination robot who

returns the empty canister to the reeling table. This systen is

monitored by a Wire Queuing Supervisor terminal for errors during

operation.

The wire layup process is perfomed by an IBM 7565 gantry style

robot (See Figure 5). The robot is controlled by an IBM Series I

coputer and runs on AM" software. The robot inserts wires into

connectors and lays up the wire harness. There are various fixtures

which are used on the formboard of the layup robot. Gates are used to

hold wires in place so that tie wraps may be placed by the robot,

Breakouts are used to hold wires which will be processed later,.

353



Hardware/Software Interfaces:

AUTOCAD version 2.6 is the minimum release required in order to

use the AUTOLISP prograimiing capabilities. The minimum system

requirements for the use of AUi1OCAD 640k POM, 10 megabyte hard disk,

and an RS-232 Serial Port. A math coprocessor may be used to increase

the speed of the program.

There are two comunication software packages that are used to

transfer the AUTOCAD wire harness data form the PC to the VAX. PROCOMM

is a communication software package which allows the user to perform

automatic logons to the VAX through a PC. Once the user is logged on

to the VAX, KERMIT comvmication software is executed. KOMMIT software

can be set up for the transfer of files from a microstation to a VAX.

Autocad data files are transferred from the PC to the VAX using KERMIT.

The hardware used for this transfer is a standard RS-232 serial

connection. After the harness data files from Autocad have reached the

VAX, the manipulation of the text format is accwplisheW by a Design

Data Post Processor. All data is converted from the AUTJOCAD format to

MAW input file foumat.

Design Data Post Processor:

After AW"TE2T is executed, AUTOCAD is exiteJ and the program

TRANS.COM is run. The input to TRANS is the AITEfT output file

Tmr. The TRANS program is written in Pascal and executes on a

staxard PC. Tas looks at each record in the input file and
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determines whether that line contains data from a connector, gate or

tie by looking at certain fields in the record. After determining the

record type, the information that is needed by RKHAS from that record

is written to the intermediate data file INTEM.DAT in the format

required by RWHAS. This step writes the proper information to each

record, but does not order the records in the required sequence. This

is continued until a "blank" record in the 1HS.TXT file is found.

This signals the end of the connector/gate/tie data section.

INTERM.DAT is closed as an output file and reopened as an input file.

This information is sorted according to record type. Connector data is

written to the output file DATAPUT.DAT, then gate data is written. The

input records from IMAS.TXT now contain "Route" information. This

data is read, reformatted and written to the file OJPUT.DAT. The end

of "Route" information is indicated by another blank record. "Tie"

data is then read from the file INTERM.DAT. The end of "Route"

information is indicated by another blank record. "Tie" data is then

read fr(a the file INTMf4,AT and written to OUTPUTfAT in the proper

format. OUTPOT.DAT now contains the harness design information in the

proper format needed by iAs for fabrication M OUTPUT.DAT is then used

as the input file for the M*41AS data generator program. See Figure 5

for flow chart of system.

Conclusions:

As a result of our research, wire haxness design was integrated

with wire harness fabrication. This resulted in a fully automated
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CAD/CAM system. The technology resulting fromn this research may

also be applied to other automiated processes through the extraction of

pertinent data from CAD drawings.
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ABSTRACT

This project assessed the feasibility of using a teleoperated robot to
perform certain procedures associated with nuclear test facilities and space
station operations. Only the space station procedure is reported here. The
teleoperated robot being evaluated was the SAMSIN Servomanipulator. The ratio
of slave/master reflected-force feedback was varied so that either x:o (none),
4:1 (weak), 2:1 (moderate) or 1:1 (realistic) amounts of reflected force were
experienced by the operator. Visual feedback was by means of 3 closed-circuit
television monitors.

Twenty-eight (28) novice operators were trained to execute with the SAMSIN
teleoperated robot the following simulated space station task: disassemble and
reassemble a space station truss node. The total of 28 novice trainees was
randomly divided into four groups of 7 operators each. Each group learned to
execute the task with SAMSIN using one of the 4 reflected-force fesdback
rations. Training for each individual participant consisted of 3 sessions of
about 2.5 hours duration each (for all tasks). The following results were
obtained:

1. All operators performed all tasks at least once in the 7.5 hours.
2. Large individual performance differences were observed among the trainees.
3. The 2:1 force ratio group showed a slight advantage on early trials.
4. After 4 trials, performance was not different among the 4 groups.
5. After training, the task required an average of 7.3 minutes to complete.
6. After 4 trials, both errors and completion times were reduced by half.
7. After training, non-recoverable errors were practically non-existent.

The results proved the feasibility of using a teleoperated robot with a
person in the loop to perform a simulated space station-related task. Total
system performance - machines, people, training and procedures - was
demonstratee for this truss node operation.

1.0 INTRODUCTION

The present report describes the results of an investigation into the

feasibility of using a tel'operated robot to perform certain tasks in nuclear

test operations as well as space station maintenance. Only the space station

related task is reported here. The investigation was conducted for the Nuclear
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Effects Division of the U.S. Army White Sands Missile Range. The experiment

itself was conducted at the Robotics Laboratory of the NASA Goddard Space

Flight Center.

The use of remote manipulators and teleoperated robots in a space

environment has the potential to dramatically reduce human exposure to

dangerous situations. Remote manipulators and teleoperated robots, often

called master-slave devices, can be used instead of extra-vehicular activity

(EVA) in order to execute operational and maintenace tasks that must be

performed external to ths stmce vehicle or space platform. With such devices,

the human operator can be an astronaut working within the protected environment

of a space vehicle, or even a person controlling a master console located on

earth. In either case, the feasibility of training operators to remotely

perform such space-related tasks becomes an important issue. The present

experiment explores training completely novice operators how to remotely

assemble and disassemble a space station truss mode using a SANSIN taleoperated

robot.

For certain operational and maintenance activities, reflected-force

feedback could provide a valuable cue to the operator. Reflected-force

feedback supplies the operator of a teleoperated device with a sense of touch.

Hany maintenance tasks require controlled amounts of force to execute, e.g.

removing and installing a fitting with a wrench, or torquing down a nut.

Without reflected-force feedback early operators have been known to break or

destroy the objects that they were working on. Thus, in the development of

teleoperated master-slave robots, the incotporatioa of reflected-force feedback

became an early go4l for engineers and designers of such remote d:vices. The
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present investigation explores the usefulness of such feedback in executing a

space-related task.

2.0 METHOD

2.1 RESEARCH PARTICIPANTS

The research participants were 28 novice operators between the ages of 18

and 57 years. The group consisted of 17 females and 11 males. Each

participant was paid $75.00 for approximately 7.5 hours of work, divided into

three sessions of about 2.5 hours each. All participants had to be United

States citizens in order to gain access to the NASA facilities.

2.2 APPARATUS

The research participants executed simulated tasks on a SANSIN - 25

(Servo-Actuated Manipulator System with Intelligence Networks) Telerobot.

SAtMSIN is a master/slave manipulator with seven degrees of freedom. SAMSIN

permits natural operator motions and has bilateral reflected-force feedback.

The amount of force feedback reflected in the master arm can be varied to

correspond to 0, 1, 1/2 or 1/4 times the force encounter,. by the slave arm.

Reflected-force feedback was varied as a parameter of the pcaent study. The

28 research participants were randomly partitioned into four (4) groups of

seven (7) participants each. Each group received a different degree of

reflected-force feedback in the master arm controller. The amount varied from

no force feedback at all (0.x), to a realistic amount (1:1), with two

intermediate amounts in between (1:2, moderate; and 1:4, weak). Each group

experienced only one reflected-force feedback condition.
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Each research participant sat in a chair in front of the SAMSIN master

arm, which was suspended from above. Only one SAMSIN master/slave arm was

used. Each participant viewed the operations and movements of the slave arm

through three (3) closed-circuit television monitors. Three (3) black and

white cameras were mounted near the slave arm (right, left and top views) and

were remotely controlled by the experimenter. Each participant received

identical viewing angles for the various tasks and subtasks performed.

2.3 PROCEDURE

Before the main experiment began, all participants were screened over the

telephone for any physical or perceptual disabilities that might not allow them

to manipulate the telerobot. Those who qualified for the experiment were

scheduled for three appointments of approximately 2 1/2 hours each.

Participant trainees were then randomly assigued to ove of the four force-ratio

groups (0, I, 1/2, 1/4).

The trainee was given a detailed explanation/demonstration of how to use

the master-hand controller to guide the slave arm, including time to practice

stacking some wooden blocks. The trainee was then brought to the workstand to

see the task setup, to have the task and subtasks explained to him/her, and to

perform the task by hand before performing it on the telerobot. This task-

acquaintance procedure was eonducted before learning each of the five (5)

tasks. Only the last task, the disassembling and reassembling of a simulated

space station truss node, is reported on here.

366



3.0 RESULTS

3.1 LEARNING THE TASKS WITH SAMSIN

All 28 research participants completed all 5 tasks at least once in the

7.5 hours of testing. Thus all 28 novice participants learned to execute the

space truss node assembly task. The number of trials completed depended

greatly on individual differences among the trainees. The number of trials

ranged from 1-4. Some particiRants learned quickly, performed the tasks

rapidly and made a minimum of errors. Others had considerable difficulty

learning the tasks, took longer and made more errors. In the final analysis,

78 percent of the participants completed all 4 trials for every task, i.e.,

they completed the entire experiment.

When the space station truss node data were collapsed across all

participants in each group; some interesting results were found. Figure 1

shows the average time to complete the truss node task for each group of

trainees as a function of the trial number. Figure 2 shows the average number

of errors made on the truss node task for each group of trainees, also as a

. uaction of trials. Itt both Figures I and 2 the parameter distinguishing the

four (4) curves is the reflected-force feedback ratio.

By far the most p-rouinent effect observed in the present experiment was

the strong iuflueuce of practice on the truss node task performance. Linear

reresson equations fit to 8 curves depicted in Figures 1 and 2 all had

ue~~ive lopea. Tese uniformly negative slopes revealed that, irrespective

ofi elected-force ratio* and irrespective of whether the metric Vas time or

errors, Irformace improved with repeated practice. Analysis of variance oo
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the data from the entire experiement (all tasks) confirmed this strong training

influence. In general, both the average time to complete the truss node task

and the average number of errors made were reduced by about -1f over the

course of the four (4) tzials. After training, the average time to complete

the task was about 7.3 minutes, and the average number of minor errors made was

about 6. Non-recoverable errors (e.g, droping a part of the truss node) became

practically no existent.

3.2 EFFECT OF REFLECTED-FORCE FEEDBACK

One of the major goals of the present experiment was to assess the effect

of reflected-force feedback on the ability of the research particlpana to

execute the various tasks. In this regard certain trends seem evident from

inspection of Figures 1 and 2. It would appear that, in the early stages of

learning, the group of partic!pants with the 1:2 reflected-force ratio

generally performed the tasks faster and made fewer errors compared with all

other groups. However, after trainees in the other groups performed the tasks

3 or 4 times, there was little difference in either average performance time or

average number of errors among the four groups of participants.

The apparent initial advantage of the 1:2 reflected-force ratio was only

confirmed by statistical tests for the data concerning times to completion

(Figure 1) and not for the data concerning errors (Figure 2). Th,. error data

generally shoved more variability than the time to completion data, making

observed differences more difficult to demonstrate staListically. Thus, in

conclusion, the present experement revealed a slight initial advantage io the

time to complete novel tasks whea using the 1:2 reflected-force ratio, This
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difference disappeared with training, however.

4.0 DISCUSSION

The results of the experiment proved the feasibility of using a

teleoperated robot with a person in the loop to perform a simulated space-

related task. Total system performance - machines, people, training, and

procedures -- was demonstrated. Novice operators learned to perform all the

tasks with only about 7.5 hours of training. Initially, an optimal ratio of

reflected-force feedback proved somewhat beneficial in performing the task on

the first few trials. With repeated practice, however, operator training was

able to compensate for the lack of reflected-force feedback. Thus, when novel

tasks are employed, reflected-force feedback may assist as an added stimulus

input cue to the operator so as to facilitate task performance during the

learning stage. For familiar or well-trained tasks, reflected-force feedback

may not be as important a factor in executing certain teleoperated procedures,

especially in situations where good visual cues are provided.
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ABSTRACT

This paper describes how Rockwell International's Space Transportation Systems Division developed interface
guidelines for orbital replacement units (ORU's) by characterizing on-orbit telerobotic devices that would service the units,
by identifying interface guidelines for compatibility between the servicing device and the ORU's, and by verifying the
guidelines in a robotics laboratory. Benefits of standardized ORU interface designs are also discussed.

1.0 INTRODUCTION

The amount, cost, and complexity of on-orbit equipment will increase significantly over the next decade. Much of this
equipment will require recurring on-orbit maintenance, typically by changeout of orbital replacement units (ORU's).

(ORU's are defined as the level at which failed or soon-to-fail components are replaced in orbit.)

Rockwell International's Space Transportation Systems Division (STSD) in Downey, California, is aware of the

pressing need to design equipment that can be readily maintained in orbit. Therefore, the division is developing guidelines
for ORU connectors, containers, racks, and packaging that easily accommodate on-orbit maintenance. And because crew
extravehicular activity (EVA) is not always possible for on-orbit maintenance tasks, STSD has stressed interface guidelines
that are compatible with changeout by a telerobotic device as well as by an EVA crew person.

STSD's approach emphasizes standardization of ORU interfaces, which become identical for as many ORU's as
possible. For example, one may wish to limit the variety of load-bearing fasteners to two types (large and small for high and
low loads) and use only one standard electronic packaging type, making all packages multiples of that one type (like the
ARINC system in the commercial airline industry). This approach offers useful guidelines for designers as well as cost
savings and other benefits (discussed in the last section of this paper).

This paper, which describes the development of ORU interface guidelines to date at STSD, is divided into four sections:
Telerobotic Capabilities discusses the assumptions we made about the characteristics of on-orbit telerobotic devices that
perform ORU changeout and create compatibility requirements for any ORU interface. Interface Development Method

describes the STSD procedures to identify and develop interface guidelines. Laboratory Verification describes preliminary

guideline verification in the STSD Automation and Robotics Laboratory. Benefits summarizes the advantages of our

approach.



2.0 TELEROBOTIC CAPABILITIES

ORU interface guidelines must be compatible with the capabilities of the particular agent (for example, flight
telerobotic servicer, other telerobotic devices, or EVA crew person) that performs the changeout. For example, the motions
required to undo a connector must be within the degrees of freedom and range of the agent performing the changeout.

The work at STSD considers the primary changeout agent to be a teleoperated force-reflecting manipulator with an
B\A cre\% person as backup. Therefore, our first step was to define, at a high level, what such a teleoperated manipulator
w'ould reasonably be expected to reach, grasp, manipulate, and so on. The EVA teleoperator assist robot (ETAR), a
Rockwell concept that has been described extensively clscwhere.t is based on requirements to change out a general set of
ORU's, including types that are %,ery common or fragile, or requirc vet y dexterous manipulation. ETAR capabilities are
'.umnmarized below only insofar as they relate to ORU interface.

Arm configuration-The ETAR arm is "human-like" with a shouldcr, Jbow, and wrist. Therefore, ORU's cannot be
designed that require multiple-joint "snake-like" motions for 'hangeour.

Degrees of freedom-ETAR has seven degrees of freedom: shoulder pitch and yaw, elbow pitch and yaw, and wrist
pitch, roll, and yaw. ORU's designed with bolts or other fasteners requiring 360-degree revolution without a special
tool are, therefore, compatible with this type of wrist.

Size-We found that an arm link length of shoulder to wrist with arm/shoulder separation of 0.75 meter
accommodates the set of ORU's that formed the basis of the ETAR size requirements. This arm size could then be the
basis for sizing ORU's that are within the arm's reach and transport capabilities.

Operational characteristics-With the human arm as a reference point, we identified a steady force of 90 N with a peak
capability of 135 N and a maximum speed of I m/sec as reasonable for ETAR operations. These parameters provide
guidelines for the kinds of forces ORU changeout requires without special tools.

3.0 INTERFACE DEVELOPMENT METHOD

ORU guidelines were generated in four phases:

" ORU identification

* ORU interface requirements

* ORU interface concept guidelines

e Laboratory verification

As part of this process (Figure 1), we interfaced and consulted with engineers responsible for different subsystems, two
knowledgeable astronauts, team members, and several potential vendors. We also visited Continental Airlines maintenance
hangars and discussed commercial airline maintenance procedures and their application to on-orbit maintenance.

tClarke, M.M., W.M. Thompson. and C.J. Divona. Requlremmnu and Conepltual Desin of the Manipulator System for the Extrmvehicular Dkopeaator Asit Robot (ETAR).
Rockwell International, Space Station Systems Division, SSS 86-0139 (Nov. 1986).

Clsrke. M.M.. C.J. Divona, and W.M. Thompson. "Manipulator Arm Design for the Extravehicular Teleopetator Assist Robot (ETAR): Applications on the Space Station,"
Procedlns- t Annal Workshop on Space OperatlonsAutomalon and Robollc (SOAR '87). Lyndon B. Johnson Space Center (Aug. 90i7). pp. 471.475.
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Figure ]. ORU INTERFACE DESIGN PROCESS UTILIZED A BROAD SPECTRUM OF DATA BASES

3.1 ORU IDENTIFICATION

Our data sources included NASA documents, relevant architectural control documents, requirements documents, and
white papers as well as our own contract and R&D activities. We identified eight typical types of ORU's:

* Communication and tracking

* Guidance, navigation, and control

* Data management systems

- Fluid distribution
* Propulsion
e Heat rejection and transport
* Mechanical/structural
* EVA-associated equipment

Data were also collected on estimated mean time between failures and mean time to repair for these ORU's. In this way,
we gave special attention to "maintenance significant" ORU's (those that require frequent or time-consuming maintenance
operations).
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3.2 ORU INTFRFACE REQUIREMENTS

\\e next undertook a detailed study of interface requirements for these ORU's. Our most important data collection tool
was the Rockwell ORU Interface Requirements Questionnaire, which was the basis for numerous interviews with system
desig~iers. The questionnaire covers ORU interface requirements in 12 areas-for example, mass, size, location,
maintenance operational forces, identification, etc. Useful data were also gathered from other sources, such as interviews
with former astronauts and team members, site visits to commercial airline maintenance facilities, and a detailed review of
applicable documents.

The information was then reorganized to produce requirements for four types of interfaces:

9 Mechanical fasteners
* Electrical/fiber-optic connectors
* Fluid connectors

* Racking and packaging of ORU's

These four major sets of ORU interface requirements were then further defined. For example, mechanical fastener
requirements were further categorized:

" Rack mounting

With cold plate

Without cold plate

" High load bearing

" Operationally induced loads
" Temporary fasteners for launch loads

In, addition, fastener requirements stressed ease of operations, whether the operation was one performed by telerobot
or by an EVA crew person. It was important for motions to be the same for as many fasteners as possible-motions that are
simple, requiring less than a 180-degree turn and minimum use of tooling. ORU's requiring fluid connectors were also
placed in a set, and this set was further broken down according to type of fluid, pressure, line size, and so on. Similar
procedures were followed for electrical/fiber-optic connectors and racks and packages.

3.3 INTERFACE STANDARDIZATION CONCEPT GUIDELINES

From the r"qt!iements described above, we were able to identify candidate standardization concept guidelines for
mechanical, electrical, fiber-optic, and fluid connectors and racks. For example, our concept of the fastener for a standard
data processor (SDP) electronic black box (Figure 2) utilizes an EVA hand-hold bar that can be pulled forward to trigger a
clamping action that presses on a flange to secure the SDP (black box) in the rack (Figure 3).

It is important to note that these candidate standardization guidelines referred to sets of ORU's rather than particular
ORU's. Therefore, we would expect not only the SPD but also a wide variety of other types of electronic ORU's to be
packaged in this type of box with this type of connector.
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Figure 2. SIMILAR TYPE OF FASTENER WAS USED IN SDP DESIGN

Aliguml . M-la-PLAMWiN7 S VEJWIED BYA 71EOPEUTEO)SYSILIW

377



I lie last ilhac of' our progrill inVolved 1110:ktu' aLd verilicalion ol' these fasiener/connector concepts in the
Ro,.'kwll .\tomatiiu aud Robotics Facilily (lgi.v -o. Thc 'atilit y contains an electromechanical telcoperatcd manipula-
tor " ith tWo seven-drece.of'-frcecdom slave irns driven by a replica master. The facility also contains a four-degree-of-
ftcudoun Iransporter to miove the slave through is work place. Cameras are aboard the slave and fixed at other locations

in tlb' \work place.

1too

Figure 4. FASTENER/CONNECTOR CONCEPTS WERE VERIFIED IN
ROCKWELL'S A UTOMATION AND ROBOTICS FACILITY

Task boards contain mockups of a large variety of ORU's. Among others, a passive full-scale mockup was built of
the SDP ORU described above (Figure 3) to be compatible with both EVA and robotic ORU design guidelines.

The SDP slides in position (along a rack) guided by a built-in key design. The electrical and fiber-optic connectors are
all blind-mated and self-aligned. These connectors are located in the back of the unit. The SDP can be secured in position
by a simple forward motion of a handlebar designed like an EVA hand hold. This handlebar is part of the rack and gener-
ates enough force to ensure proper contact with the cold plate located under the SDP. Telerobotic compatibility with this
mechanical interface was demonstrated when the facility's teleoperated manipulator changed out the SDP (Figure 3).

5.0 BENEFITS

The standardization of connectors among many ORU's results in numerous benefits. Costs for DDT&E of connec-
tors and racks as well as crew training are reduced because the number of different types is reduced. Fewer spares must be
warehoused. Fewer varieties of tools and end effectors are required. The capability to reconfigure is increased. Future
automation becomes more efficient because of standardized end effectors, less robotic software must be written than
what would be required if interfaces varied greatly among ORU's, and the entire Space Station integration effort would

benefit from common fasteners across all four work packages.
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Ground Control of Space Based Robotic Systems

K. E. Farnell and S. F. Spearing

Teledyne Brown Engineering
Cummings Reasearch Park
Huntsville, AL 3S807

The ability to control robotics in space is clearly an established art with
the success of numerious unmanned !pace probes by both the U.S. and the U.S.S.R.
However, these vehicles, such as the Lunakhod and Voyager, were designed to
perform discrete functions, and months and years of analysis and programming were
required to confidently accomplish even simple planned functions. With the advent
of Space Station operations, there will be many instances where robotics will be
needed to respond quickly to variable sets of environmental parameters.

A system for ground control of space robotic systems is presented and the
various control paradigms and operational modes are discussed. The safety
aspects, operational constraints and design considerations for robotics operation
In a manned environment are discussed.

(PAPER NOT SUBMITTED FOR PUBLICATION)

379



THIS PAGE INTENTIONALLY BLANK

380



Presented at the Conference on Space and Military
Applications of Autontion and Robotics

21-22 June 1988 GACIAC PR 88-02

THE ADVANCED RESEARCH MANIPULATOR I

Peter D. Spidaliere
Robotic Systems Operations

AAI Corporation
P. 0. Box 126

Hunt Valley, Maryland 21030-0126

ABSTRACT

The Advanced Research Manipulator I (ARMI) is a lightweight 6 degree of freedom
manipulator designed to support laboratory and military field telerobotics research.
This paper describes the design of the manipulator and proposed research. The ARMI
weighs 140 lbf and has a continuous payload of 70 lbf at a full extension of 7 ft.
This payload to weight ratio of 1 to 2 is achieved, with a conservative design,
through the use of advanced composite links, lightweight harmonic drive gear
reducers, high density motors, and ultra-lightweight ball bearings. The ARMI, in
addition to its extremely liqht weiqht, has several other unicrue features. One of
the most significant is the extensive use of space qualifiable technologies and
components. The motors, harmonic drives, bearings, composite materials, and
lubricants have all been used in previous space applications. Further, the
controller and gripper are potential candidates for future space telerobotics
applications. The ARMI controller is the JPL-developed Universal Motor Controller
(formerly the Universal Computer Control System) and the gripper is an NBS/NASA
parallel jaw gripper modified for electric actuation. Other major features include
modular joint designs and the ability to alter easily link lengths and stiffnesses
by varying the composite lengths, materials, and/or winding patterns. This design
flexibility provides significant opportunities for research in the areas of flexible
manipulators, long reach manipulators, and the properties of advanced composites as
link materials. The light weight of the ARMI and rugged design make it an ideal
tool for researching the possible uses of manipulators aboard teleoperated vehicles.
Current plans include mounting the ARMI on a lightweight teleoperated vehicle to
investigate the utility of manipulators for placement of various sensors, clearing
obstacles, and enhancing vehicle mobility.

1.0 INTRODUCTION

The design of the ARMI (Figure 1) was initially driven by the need to
provide a small teleoperated vehicle, the MINIBOT (Figure 2), with a manipulator to
perform tasks such as emplacing mines and sensors and manipulating cameras.

Since the MINIBOT is a small vehicle with a limited payload of
approximately 500 lbf the design of the ARMI was driven toward a very lightweight
manipulator. A limit of 200 lbf was placed on the ARMI with a minimum payload of 50
lbf. Through AAI's iterative manipulator design approach, the total weight of the
manipulator was reduced to the present level of 140 lbf and the payload increased to
70 lbf. The manipulator possesses 6 degrees of freedom (dof) and has a reach of 7
ft.

In addition to supporting research aboard the MINIBOT the ARMI was
designed to support space and laboratory manipulator research. These requirements
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were placed on the design since most of the iightweight components used in the ARM!
design have been used both in previous space applications and in the design of prior
laboratory manipulators.

In addition to the high payload to weight ratio and the use of space,
qualifiable technologies, design goals and drivers for the ARMI included: design
modularity, design scalability, high stiffness# ruggedness, small volume, low cost,
controller flexibility, and a generdl goal of pushing the state-of-the-art of
lightweight/high payload manipulators to new levels.

The remainder of this paper discusses the mechanical design,
controller and feedback elements, and research opportunities provided by the ARMI.

2.0 MECHANICAL DESIGN OF THE ARMI

The kinematic configuration of the ARMI is shown in Figure 3 and the
Denavit - Hartenberg parameters (1,2,3] and joint rotational limits of the ARMI are
listed in Table 1. Since the nature of the tasks to be performed by the manipulator
is general, a 6 dof revolute configuration was selected. This configuration has a
proven history for general purpose applications. The offset of link 1 permits the
manipulator to reach over the edge of the MINIBOT vehicle.

Following the definition of the ARM! requirements, alternative
mechanical drives were analyzed which could meet these requirements (4,5]. Cup-type
harmonic drives were selected for the detail design since they resulted in the
lightest and simplest joint designs. Additionally, harmonic drives were selected
because of their high torque ratings, noncatastrophic failure mode, wide range of
gear ratios, and previous use in space applications. Harmonic drives are also zero
backlash reducers and can be modified at a low cost to increase stiffness and reduce
inertia. Based on cup-type harmonic drives, two modular joint designs were
developed, one for yaw joints and another for roll joints.

Lightweight, four-contact ball bearings, which are used on the
Shuttle Remote Manipulator System, were selected because of their ability to
withstand substantial thrust, moment, and radial loading. The use of these bearings
simplified the design and assembly of the ARMI since they require no special
preloading.

A dry lubricant, tungsten disulfide, is used as the lubricant for the
harmonic drives and bearings since no provision for an oil bath for the harmonic
drives could be made without increasing the complexity and weight of each joint.
Tungsten disulfide is used in many space applications as a lubricant because of
favorable outgassing characteristics and its extremely low coefficient of friction
(0.03).

High-torque, lightweight, brush motors actuate each joint. The
motors used on the ARMI have been used in Canadian commercial satellite applicaiions
and in all of the teleoperated manipulators the Oak Ridge National Laboratory has
developed. Power-off brakes and dual channel optical encoders are integral to each
motor. The motors are lubricated with a synthetic grease qualified for space use.

Graphite/epoxy (G/E) composites are used to form links 2 and 3 of the
ARMI. These G/E links substantially reduced the weight o .*.. manipulator over an
all aluminum design. As an example, the weight of link 2 was > cted to be 20 lbf
assuming a constant cross-section aluminum box beam. By c.m-,a 3.ion, using a G/E
link the weight was 3 lbf. This not only reduced the weight of link 2 but also the
weight of joints 2 and 2, which must support the link. The links are rectangular
box beams wound by AAI with a 45 degree helix angle and with unidirectional plys at
0 degrees along the top and bottom (relative to gravity) of each link. The links
are secured with fasteners since, as an experimental manipulator, the links are
removable. The mandrels for winding were manufactured such that link lengths can be
varied. The ARMI can be extended to a length of 11.75 ft. with composite links
wound on the existing mandrels.

The gripper for initial testing is a version of the NBS/NASA Parallel
Jaw Gripper (6], modified by AAI for electric actuation (Figure 4). The gripper was
selected because of its simplicity of design, high gripping force, ease of
modification, and because it is being considered by NASA as a candidate for space
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use. The gripper is actuated by an Acme thread, linear actuator that can apply up
to 75 lbf gripping force and is self locking.

3.0 CONTROLLER AND FEEDBACK ELEMENTS OF THE ARNI

The controller for the ARMI is an AAI modified version of the
Universal Motor Controller (UMC). The UMC (formerly the Universal Computer Control
System) is a developmental system from the Jet Propulsion Laboratory (JPL) capable
of controlling any robot using DC electric motors. The UMC was selected because it
met the design requirements of multiple applicability and light weight and is a
candidate for possible use within NASA for telerobotics research on Earth and in
space. The following discussion regarding the UMC is derived from previous
publications by JPL [7,8].

The major hardware elements of the UMC are a joint level processor
card, joint controller cards, and pulse width modulated (PWM) power amplifiers. The
AAI UMC incorporates two joint controller cards and seven power amplifiers (six
joint and one gripper motor). However, the UMC can support as many as four joint
controller cards and 16 power amplifiers. The AAI controller components as well as
a wire-wrapped encoder line driver are shown in Figure 5.

The joint level processor card consists of a 32016 microprocessor,
floating point coprocessor, interrupt control unit, 32K ROM, 128K RAM, MULTIBUS
interface, BLX bus interface, parallel port, and two serial ports. The joint level
processor can be used to control up to four joint controller cards and can interface
via a MULTIBUS to other MULTIBUS cards. These additional MULTIBUS cards can be used
to perform such operations as calculating feedforward commands, solving inverse
kinematic equations, or processing sensor data.

Each joint controller card controls up to four joints and for each
joint incorporates an encoder interface, a digital tachometer, and a PWM power
amplifier control unit. Each joint controller card also includes an A/D subsystem,
an EPROM subsystem, on-board clock, and a BLX bus interface. Further, joint
controller cards contain three general purpose digital inputs, four general purpose
analog inputs, and eight general purpose digital outputs (currently unused). Figure
6 shows an electronic block diagram of a joint controller card.

The A/D subsystem measures motor current, motor power supply voltage,
potentiometer position, and an additional external voltage per joint. The BLX bus
interface permits the joint controller processor to address the registers on the
joint controller card via the 32016 BLX bus.

Each joint controller encoder interface is comprised of a digital
filter to reduce the effect of noise on the encoder inputs, a 12 bit up-down
counter, a quadratnre decoding logic to control the counter, an eight bit bus
interface, and an inhibit logic to prevent the count from changing between reading
of the high and low nibbles. Digital tachometers contain a bus interface, a
direction detector register, motion detector register, and pulse time counter. T he
PWM power amplifier control units generate pulses that control the upper two MOSFETs
in each power amplifier and the enables to control the lower two MOSFETs. The
output of the PWM control unit is an eight bit command with sign.

The PWM power amplifiers are MOSFET H bridges that include short
circuit protection and current feedback resistors (Figure 7). Failsafe brakes are
activated through a high current on-off switch.

The UMC software incorporates several functions, some of which are:
joint servo control, import and export of data from shared memory, import and export
of data from parallel and serial ports, interpolation between setpoints,
compensatioi for slowly changing variables such as supply voltage, hardware
integrity verification, and user friendly interface for initialization, setup, and
debugging.

UMC software has been written by JPL to maximize utilization of the
processing power of the 32016 microprocessor while remaining flexible. This is
accomplished by burning a code generator onto the system ROM and then, when the
application is required, the code generator writes the program optimally for that
application. Part of the benefit of this technique is that the software can modify
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itself to particulars such as the polarity of the motor, oncoder, and/or
potentiometer connections. This makes connection of a new manipulator relatively
simple. in fact, after the connections are made, the user can turn the system on
and tell the UMC how many motors are used, what maximum motor voltages and currents
are, what the joint motion ranges are, what sensors are supported and their
polarities, and what feedback gains are.

Currently, the primary operator control device for the ARMI is a

Joystick developed by the German Space Agency, DFVLR (9,10,11] (Figure 8). The
Joystick, the DFVLR Steering Ball, incorporates a compliant force/torque sensor
within the hand grip. The Steering Ball can be used to generate position, rate, or
force commands from the force/torque vector measured by the sensor. This provides a
variety of control techniques, which maximizes the opportunities for addressing man-
machine interfacing questions. Further advantages of the Steering Ball are low
cost, small size, ergonomic design, and design for space application in the German
ROTEX robotics experiments. Initial plans are to control the ARMI in the rate
control mode.

4.0 RESEARCH OPPORTUNITIES WITH THE ARMI

The ARMI offers an assortment of research opportunities in both the
laboratory and in the field. By using different types of composite links, the
length and stiffness of the links can be altered. This capability supports
investigations of the dynamic characteristics of advanced composite material similar
to those conducted by B. S. Thompson, et. al. at Michigan State University [12].
Experimental research investigating the design of composite links could further
theoretical efforts like those by J.S. Lamancusa at The Pennsylvania State
University (13]. Long reach robotics research as well as flexible manipulator
research will be supported by the ability to lengthen and vary windings and
materials. Flexible manipulator and controls research can albo be advanced by the
ability to interchange motors and harmonic drives to create different combinations
of motors, gear ratios, inertias, and joint stiffnesses. Controls research can be
further supported by modifying existing UMC software to permit different control
algorithms to be tested. Additionally, because of the use of space qualified
technologies, the ARMI can be used to appraise these technologies for space
manipulator design.

Since the ARMI is designed to be mounted on a vehicle, research of
military applications of manipulators is possible. The ARMI can be used to
investigate the use of manipulators with small teleoperated vehicles in combat
operations and field testing of military logistic concepts.
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ABSTRACT

Recent work conducted at the University of Alabama in
Huntsville has investigated the learning involved in the repeated
performance of simple teleoperation tasks. The experiment used a
simple peg-in-hole task to compare a 2 second delay operation
mode with the no delay mode. The results clearly show the
differences in learning between the two cases and provide an
indication of the learning patterns experienced.

/ [
INTRODUCTION

The high costs of teleoperated system operation in space,
military, or hazardous environments is focusing increased
research emphasis on the training aspect of system operation.
For example, control of many space based teleoperated systems
will be accomplished through the use of expensive satellite
transmissions. Operator induced delays in this type of situation
can quickly cause schedule slips and other delays that will incur
significant expense. Similar types of operation expenses exist
in other fields, and the expense of training equipment and
facilities for these operations will be justified.

A pronounced learning effect is perhaps most apparent in
time delay situations. Time delay is common in space related
telerobotic operation due to the transmission delays experienced.
The "move-and-wait" strategy is often noted in time delay
research, and as operators become more familiar with the
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equipment and the task, they begin to combine moves [1]. All
factors of the learning involved in performing teleoperated tasks
influence the method of training and the approach taken in the
development of teleoperated tasks.

A survey of previous teleoperated robotics experiments
indicated that some patterns could exist in the learning process
for time delay teleoperation. The purpose of this experiment was
to evaluate two theories. First, an effort was made to determine
if there exist any noticeable pattarns in the learning process
for either a time delay or no time delay teleoperated task.
Second, the learning factors for both the time delay and no time
delay cases were compared in order to determine if any
significant differences in learning patterns were observed.

EXPERIMENT

In order to analyze the theories noted above, it was
necessary to develop an experiment which could satisfy the
following parameters:

- Multiple repetitions per operator.
- Simple format.
- No complex manipulations requiring extensive training.
- Minimum subject time required (approximately 3 hour each)

since the subjects used were unpaid.

The experiment used in this study was a simple peg-in-hole type
procedure. This type of experiment was chosen since it could be
performed by operators with little training and since the dura-
tion of the experiment was short enough to lend itself to
multiple trials in one session without leading to noticeable
operator fatigue. The experiment consisted of each subject
performing five trials of the simple task. If an equipment
malfunction was noted, the trial was repeated.

EQUIPMENT SET-UP

The experiment was performed in the Telerobotics Laboratory
of the Johnson Research Center at the University of Alabama in
Huntsville. The laboratory is equipped with a Puma 562 6 degree
of freedom robot arm. The arm is remotely operated by two 3
degree of freedom joystick/paddle type controllers. The inter-
meshing gripper used in this experiment was operated by a toggle
switch located at the operator station. A task board donated by
the NASA Marshall Space Flight Center was used as the focal point
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of the experiment. This board is equipped with the necessary
fixtures to perform several types of peg-in-hole experiments as
well as other types of experiments such as electrical
connectivity and simple latch manipulations.

Four cameras were used in this experiment. Three of the
cameras were high resolution black and white cameras. The first
black and white camera was positioned directly on the robot arm.
A second black and white camera was mounted on a tripod at the
height and to the left of the task area. The third black and
white camera was positioned to the right of the task area and
behind the position of the robot arm. The fourth camera used in
this experiment was a medium resolution color camera. This
camera was placed to the left of the task area and behind the
position of the robot arm. The color camera is equipped with
pan/tilt/zoom capabilities, and these features were available to
the operators during the experiment if they so desired. Lighting
for the experiment was provided by a set of four 600 watt quartz
lights mounted on tripods.

The operator station is equipped with four monitors. Three
9 inch black and white monitors are positioned in a row directly
at operator eye level. A 13 inch color monitor was positioned
directly under the black and white monitors. The robot
controllers were positioned directly in the center of the opera-
tor station and directly at hand level. The gripper controller
and color camera pan/tilt/zoom controls were positioned to the
right of the color monitor but well within convenient reach of
the operators.

The experiment consisted of two cases: (1) performance of 5
trials in a "real time" (no time delay) situation, and (2)
performance of 5 trials in a 2 second delay mode. The delay was
induced using a software program developed at the UAH Johnson
Research Center. The delay program is used to simulate the
transmission delays that will occur in space based telerobotics
operations. Six subjects performed the no delay experiment.
Four subjects performed the 2 second delay experiment.

ANALYSIS OF DATA

Each of the five trials performed by the subjects was
plotted in order to observe the difference between progressive
trials. From this analysis, it was noted that each of the
subjects performed his/her shortest task time on the fifth trial
with one exception. Six out of the ten subjects experienced
their longest time on the4 r first trial. The data proved as
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expected, and in general, the more trials run the less time
required to complete the task. Upon further analysis, the
following observations were made:

SubjectI Averge Tusk Congie±in Tine

The average time readings for each subject in the 0 second
and 2 second delay experiments are presented in Figures 1 and 2,
respectively. These figures display a range of subject times,
and the difference in magnitude of the times between the two
graphs indicates the increased level of difficulty of the time
delay operation.
Overall. Avrg gJ _ Second Dea yjs. 2 Second Delay Times

Figure 3 presents a comparison of the overall average times
for the two experiments. This graph confirms the increased
difficulty of the time delay operation. It is interesting to
compare the relative slopes of the two lines. The slopes are
comparable between time readings 1 and 2 and also between
readings 3 and 5, but the slopes between readings 2 and 3 differ
significantly. This is the point in the experiment where the peg
is being positioned for insertion into the hole. This task is by
far the most complex of the experiment and requires a series of
very precise movements. The differing slopes indicate that
precision tasks must be performed at a much slower rate in time
delay operation.

Task Times al F t 2 Repeated Runs

Figures 4 and 5 present the task times for both the 0 second
and 2 second delay modes. These graphs are prepared using the
subject's completion times for each of the 5 trials as data
points, and both cases clearly show that task completion time
reduced considerably over the course of the 5 trials. The
learning effect is especially noticeable since the subjects had
only minimal exposure to the equipment prior to the experiment.

Average TMX TiM A FunctionoS2u Reseatg HUM

The data presented in Figure 6 show the learning factor over
the 5 trials. It is interesting to note the differences in
magnitude of Run 1 and Run 5 times between the two cases. The 0
second delay line shows a decrease of approximately 2 minutes in
total time, while the 2 second delay line shows a difference of
approximately 3 minutes in total time. Although the magnitudes
differ substantially, the relative differences are quite similar.
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Lernng ComDarlsons fIr Ad I S nd DoAy
Learning comparison graphs are presented for both cases in

Figures 7 and 8. The 0 second delay case (Figure 7) clearly
shows learning involved in each trial. The times for each sub-
sequent trial are reduced, but the magnitude of reduction is
sharply lower over the last three trials. This result indicates
that in a no delay environment, the learning effect for simple
tasks can be minimized in only a few trials. Also of interest is
the reduction in slope between time readings 2 and 3 that occurs
over the 5 trials. This result indicates that for no delay
situations, significant learning occurs in tasks of varying
complexity.

Figure 8 presents a learning comparison for the 2 second
delay subjects. This graph also shows significant learning over
the 5 trials, but the relative magnitudes of the differences
between lines indicate that the magnitude of learning has not
significantly decreased after 5 trials. This result indicates
that in order to minimize the effects of learning in a time delay
situation, a longer period of operator training will be required.
Further observation of this graph shows that the slopes between
time readings 2 and 3 decreased at a much slower rate. This
result indicates that the learning effect for more complex
operations may not be as great (and is certainly evidenced at a
slower rate) as the learning effects for similar tasks in a no
delay operation mode.

CONCLUSIONS

The results of this experiment clearly show that significant
learning is involved even in the performance of simple tele-
operated tasks. The differences in the results for the two cases
show that additional training will be required for time delay
operation in order to achieve a level of competence similar to
that of no delay operation. Additional research with more
complex tasks in time delay modes will help define the parameters
of the learning process, and these results can then be used to
help develop training programs and algorithms to predict the time
required to perform teleoperated tasks for time delay operations.

The field of human factors will continue to provide
important contributions to the development of efficient and cost
effective teleoperated systems. Research into the ergonomic and
environmental aspects of human controlled teleoperation will
provide the basis for the development of operator environments
which will maximize operator performance while minimizing
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discomfort and fatigue, and continued investigation of operator
performance will lead to more efficient work design and task
planning.
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Abstract

The development of advanced automation & robotics (A & R) for space and earth based systems
requires that critical hardware and software issues be resolved. Robotic mechanisms must be controllable and
have kinematics designs, dynamic characteristics, end-effectors and working environments correctly designed
for their tasks. Software systems must be capable of controlling these mechanisms in a timely manner and
adapting to operational changes, while telerobotic systems must also have user interfaces that optimize the
human's ability to plan and control operations. This papers describes the use of ROBOSIM, a robot simulation
system, to perform several A & R system design studies.

Using ROBOSIM, a model of the robotic mechanism is built via a procedure-oriented solid modeling
language. The simulator generates the kinematics, inverse kinematics, dynamics, control and real-time graphic
simulations used to study the arm's performance. Robotic control algorithms, path-planners or teleoperator
control stations may be evaluated by an interface allowing these systems to control the simulated robotic
mechanisms. ROBOSIM was developed over a three year period and in the two years since it became
operational it has been applied to the design of robotic systems used in earth-based manufacturing and to
evaluate space-borne robotic systems.

1. Introduction

Robotic systems have become increasingly important to all facets of manufacturing: space is no
exception. Perhaps the most publicized space robot is the Remote Manipulator System (RMS) which was built
by Canada for the U.S. Space Shuttle. Prior to the RMS, robot manipulators were used on unmanned
spacecraft to investigate soil properties on the moon and on Mars. Plans for the U.S. Space Station which will
become operational in the early 1990's include the use of teleoperators and robots to perform routine station
tasks e.g., inspection and maintenance. Earth-bound robots have also been used extensively to support the
manufacturing (Refs. 1,2) of spacecraft components. Although the applications for space and earth seem
radically different there remain many common issues in the procedures f6r design and testing of robot systems.
Graphic simulation has proven to be extremely effective in the design of both types of system. In this paper we
will examine: design issues for tele-robotic systems; ROBOSIM, a NASA developed computer graphic
simulation tool; and simulations of tele-robotic systems for the Space Station and the Orbital Maneuvering
Vehicle.

Kinematic Design Issues

In designing a robotic application the selection of the robot's kinematic design is usually considered
first. The number of robot joints, the type of joint (revolute or prismatic), and the physical configuration of
each jointed segment are all elements of the robot's kinematic design. The position of the last reference frame
(hand frame) is determined by the joint positions and the geometric relationships (kinematics). Minor changes
in the kinematic design of a manipulator can greatly affect the volume through which the robot's hand may be
moved. The design of the end-effector (tool) and the orientation of the part (workpiece) with respect to the
robot (part positioning) also greatly affect the ability of a robot to perform a given task. For applications which
will use an existing robot the designer must choose the appropriate robot, design the workcell layout and part
fixturing. For systems which will use a custom-built robot, the task of designing the robot is added. A mistake in
the design of a cell without the use of computer graphic simulation may not be detected until the hardware
integration phase. This can result in costly schedule delays, procurement of incorrect components, and a greatly
increased system cost.

Robot Motion Control

Robot control development is another area which can benefit from the use of computer graphic
simulation techniques. Robot control algorithms may be viewed as existing at two levels: the kinematic control
level; and the path planning level. Kinematic control algorithms are a function of the arm's kinematic design.
These algorithms relate the position of the end-effector's reference frame to the joint position commands
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rquircd to uchicvc the conimanded position. The, e algorithms are a software implementation of the Inverse
kinematic equations. Prior to the use of graphic simulation, the control programs were debugged by observing
the robot's motion subject to the commands of the experimental computer program. For robot systems with
relatively low lifting capacity, a faulty program resulted in little, more than embarrassment for the developer,
how cver robot capacities have increased to the point where payloads are in the hundreds or thousands of
pounds. Mistakes In programming can be serious. Another difficulty encountered in using the actual
mechanism in the debugging process occurs for robots designed for use in zero-G which may not operate In a
one-G environment. Again graphic simulation is the indicated procedure for this type of development.

Slft Pi th-Plannins/Verification

Robot path-planning is the process of developing the sequential position, orientation and velocity
commands that the robot's end-effector must execute in order to perform the desired function. Most current
industrial robots are programmed using a teach pendant to manually command the robot to the desired points,
this is the on-line manual programming method. Manual programming is highly in-efficient since the robot
must be taken out of service, the path generated manually, replayed for verification and ultimately executed.
On robots whose path programming is changed infrequently this is not significant, but for systems in which
programming must be flexible manual programming is not satisfactory. Just as numericalli controlled (NC)
machine tools have become entirely programmed by off-line algorithms, the programming of robots will also
eventually all be automated. Graphic simulation is a vital step that must be performed prior to the execution of
an off-line generated robotic path program. Simulation wil! verif that: (1) the path specified is correct for the
task; (2) the inverse kinematic equation may be solved at all points along the path program (controllability);
and (3) the arm or other components will not collide accidentany with obstacles within the workcell.

Tele-robotic systems, similar to those planned for space operations, have an additional path control
mode which utilizes a human in th,1, control loop to perform motion control in response to visual feedback from
camera systems. Since the planning of the manipulation task occurs essentially in real-time, it is important to
provide a means of rehearsing the planned operations. Rehearsal on a computer graphic simulator will allow
the human operator to anticipate problems that may occur e.g., obstacles obstructing motion or viewing and
singularity conditions in the motion control software. In real-time, the computer graphic simulation may
provide an additional "view" of the task from another direction to aid in obstacle avoidance.

RoboLDI ami

In industrial applications the primary dynamics issues are that the robot chosen for a task is capable of
handling the required payload weights and transport velocities. Industrial robots are typically rated for lifting
capacity only. An approximation of the robot's ability to perform a task dynamically can be made through
dynamic simulation of the loaded robot. The maximum joint loads recorded during the dynamic simulation are
compared to the loads that result if the manipulator were statically loaded per the manufacturer'sspecifications. If these joint loads are exceeded by the dynamic tests, then the robt may not be capable of'
performing the task. Since this is only an approximation, a safety margin should be used in making the final
decision.

Although dynamic simulation is important for industrial robot systems, it is mandatory for systems used
in space. Manipulator mechanisms and joint actuators are limited in weight due to launch considerations.
Power supply limits reduce the size and rating of the mechanisrm's actuators. Dynamic studies will help to
insure that the planned robotic tasks do not exceed the limits of the mechanism. The zero-G environment may
be an advantage for handling larger payloads than would be possible on earth, but the dynamic interactions of
the loaded manipulator and its mounting platform are significant for a space based robotic system. The
possibiliy exists for parasitic oscillations to occur between the manipulator and the spacecraft's attitude
control system. Simulation studies may reveal the existence of these or other undesirable effects.

2. ROBOSIM Overview

Simulation Procedure

ROBOSIM was developed over a three year period at the Marshall Space Flight Center (MSFC) to
facilitate the design and development of robotic systems. Prior to ROBOSIM, robotic simulations were limited
to the construction of scale models. Using ROBOSIM the kinematic design of the manipulator mechanism and
other workcell components are modelled via a simulation language. The model consists of solid primitive
shapes which approximate the robot's shape and mass r es. The !olnt configration and type, etherrevolute, prismatic or fixed, are also specified. 0nc oeled, R¢OBO I. M computes the standard .ikage
(Ref. 3) parameters, the inverse kinematics and the manipulator's dyna. T designer may lso specify the
joint actuator transfer functions. Path motion is specified by position and velocity language constructs.
R OM Hdwr enfi tn

ROBOSIM is resident on a Digital Equipment Corporation (DEC) VAX 1/780 processor. During

simulation development the user may use a low cost terminal with TEK 4014 graphics compatibility. Although
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a simulation may be executed using a non-real-time terminal, the use of a real-time graphics display is
preferred. Interfaces have been provided fot several dynamic display systems including Evans & Sutherland
PS330, GTI Poly 2000, Silicon Graphics IRIS with other interfaces planned. A limited Initial Graphics
Exchange Standard (IGES) pre- and post-processor allows ROBOSIM to communicate graphics and tool
m, tion commands with arty CAD/CAM system adhering to the standard which was developed by the U.S.
National Bureau of Standards.

The simulator's speed for non-dynamic studies is greater than real-time. This speed is decreased for
very large models with multiple robots or robots with many degrees-of-freedom. Studies that required the
modelling of dynamic effects also load the simulation processor. An Applied Dynamics AD10 parallel
processor is used to improve the simulator's response in these situations.

ROBOSIM Software System Structure

ROBOSIM's software structure may be characterized as a hierarchy of three levels of software utilities.
This structure is typical of large software systems. At the core or kernel of this system are routines that provide
support for the most rudimentary of simulation tasks. Included among these functions are vector andrmatrix
arithmetic and display control. The typical user of ROBOSIM interacts with these routines indirectly through
his use of higher level utilities. A characteristic of routines at this level is their inflexibility in their interfacing
requirements i.e., data must be provided in specific formats. By interfacing via the higher levels a user avoids
these requirements, however direct access is available when needed. Typically, a ROBOSIM user who is
performing simulation studies involving externally supplied mechanism control algorithms must communicate
directly with the kernel routines.

The second level within ROBOSIM integrates the lower level routines into more complex algorithms
that perform often needed tasks in display management and robot control. Examples of graphics routines that
function at this level include subroutines to perform viewpoint and perspective transformations. Examples of
routines that service robot kinematics and control issues include those which perform end-effector position
computations and formulations of the manipulator's Jacobian matrix.

The highest level within ROBOSIM provides the human interface. At this level robots, workpieces, and
fixturing assemblies may he modelled, placed within a workcell, programmed, dynamically simulated and
viewed using fewer than forty distinct language instructions. The simplicity of this software interface greatly
increases R6BOSIM's use and it is this interface that is perhaps the most inimportant feature of ROBOSIM.

3. Simulation Examples

ROBOSIM VIA) became operational in July 19M5. In the year since, ROBOSIM has been applied to
several industrial robot syst ms. A discussion of tis previous work (Refs. 4,5) is presented elsewhere. 'lie
simulations presented below are being implemented to facilitate the development uf tele-robetic systems for
on~orbit oterations.

Simulationof tte 11.5. Spacm Station

S ie Space Station is the next major NASA progra. The Space station will provide a permaneat bswe
frol which NASA will be able to conduct experiments in nmanulacturin& science, oleditine and earth resource,

- J1Lnflgenelelt Another important rote (hr the Space Station %Ill be as a base for the sevcing of satellite
systems. The U.& has a otsiderable investnent in rblting wets antd when projected future pae systens
become operational servicing and rqair will become mandatoiy.

A computer graphic simulation of the Space Station using ROIKIO IM is given in figure (1). In figure (1)
wO see tle Station's growth configuration modelled, Tet Space Station structure is composed of a frau which
wli h e assembled in space; two pair of lar a photo-ectrie solar pitis fenr power generation; two pair o
smaller heat exchasger paicls therra colttratw (n- pae ,ewe and tie
hrtabilitltsernt mrodules ( ylindrical eements). Although ca ch cubic( tms cleille m easures (5) meters on
a side, the etnite stlnrure is d..igttd to be tranport, d ito orbit via ihe Space Shattle for assembly in ob it.
Coloputer grale s.mulation will plty an ittl.rtialt role in dile plalning of aswibly procedures. LWuring the
;e-al assmbly, grAphic simulation Wll b a u Iul t(ol to perftor coatingeoucy studies in the event that
r"Obl"Is arisea 4juarg the plamned assuemby procdurcs.

Once tqkintxl. iptu,,uter gruhic simulation wii facilitae ro btic opcrt ,;ns onblord the Space
Stalion. lal,4tA activiltles u1ill lxi re-quired t. insue the coi- patci-e handling of payhl'do4 beilng loaded or
kiloaded fron rhe Space Shwtlc. 'te probleni of planuing these aliviti(e' is cozny icated by the cormstraintsim s ed. on th-e orientohion of the Spaco Station needed to control thermal ratdlaton and power generation.
'2ieuwe (1) depicts the Space Statiol hi is orbit abdmt the earth, lime model is fully articulated so that the

orment~aWo of the, Spac' Station :tmi l lte resulting positions o the phlo-electric palels, hecat radiators, sAllar
collectors atli anteiae utay be silmtated Vb determine the best .tim.e window for a tele-robotic operalion. This
window I6 Osen to opiielighting conditions and 11inimize tile likelihood of collisios betwe servici
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Since the success of teleoperation is also contingent on the ability of the human to view the task, graphic
simulation will also be used to determine if the locations chosen for closed circuit TV cameras will provde an
unobstructed view. Figure (2) was generated by placing ROBOSIM's viewing point at a common module
simulting a view from on-board the Space Station. Multiple viewpoints will be useful for studying a variety of
tele-robotic scenarios.

ROBOSIM's ability to perform dynamic simulations will be used to determine if the planned operations
generate reaction forces on the Space Station's structures that would cause a disruption to experiments that are
operating concurrently. If conflicts of this type are discovered, then alternative operations may be studied.

Typical satellite servicing missions to be supported by the Space Station will also include those in which
a small free-flying vehicle will be used to rendezvous with satellites in high orbits e.g., geostationary orbits of
22000 miles. The next section describes a free-flying vehicle currently being developed by NASA and how its
development will be assisted by computer graphic simulation.

Design of Tele-robotics for the Orbital Maneuvering Vehicle

The Orbital Maneiivering Vehicle is designed as a re-useable, remotely controlled, free-flying vehicle
capable of performing a wide range of on-orbit services in support of orbiting assets. It is projected as an
important element of the Space Transportation System (STS), designed to operate from either the Shuttle, the
Space Station or from the ground. The descriptions of the OMV or manipulator mechanism contained in this
paper are not specific to any designs which may be currently under consideration by the U.S. National
Aeronautics and Space Administration, however, the functional concepts (Ref. 6) described are correct.

The concept of the OMV includes the ability to accept mission kits to allow it to perform a variety of
tasks in addition to its role as recoverable booster. One such kit is a manipulator/teleoperator, the "Smart
Front-End" (SFE), which will allow remotely controlled manipulation to accomplish satellite and Space Station
service tasks on-orbit. Figure (3) illustrates this concept. The OM is shown equipped with a generic SFE
manipulator. The SFE pictured consists of a bilateral pair of six degree-of-freedom () manipulators and a
manipulator transport mechanism. The transport sstem provides three DOE: a rotary track which encircles
the docking adapter; a hinged boom; and a sliding joint allowing the bilateral pair to traverse the boom. The
generic satellite which is being serviced in figure (3) is shown detached from the OMV/SFE cluster for clarity.
In normal operation a solid connection would be established by a docking mechanism.

ROBOSIM will be used extensively to assist in the development and evaluation of concepts for the SE
manipulator. Kinematic studies will reveal whether the SEE mechanism can be folded and stored within the
sace allocated on-board the Space Shuttle. Other kinematic studies will be required to determine if the
OV/SFE cluster can be successfully deployed from the caro bay by the Space Shuttle's RMS. In figure (4!)
our generic OMV/SFE cluster is shown with the SEE folded in the stowable configuration. F~urther kinematic
studies will determine if collisions between the SFE manipulator and satellite appendages occur during theexecution of planned motion paths.

The implementation of an SEE manipulator will also require the development of several modes of
mechanism control. An algorithm to control the SFE during deployment or un-folding will be developed.
Although this type of algorithm usually involves a predetermined sequence of joint motions, provision must beincluded to override this sequence, if necessary, and execute new motions to correct or avoid anomalies.
During docking operations the mechanism can take a passive or an active role. If a passive role is assumed,
contrl algorithms for the SEE can improve the maneuverability of the OMV by arranging the arm'sconfiguration to minimize inertial imbalance, avoid obstruction of the target satellite and prevent the reaction
control system (RCS) thruster plumes from impinging on the SEE. Strategies ot controlled compliance in the

SFE joint servo control loops may further improve the controllability of the O MV during fine dockingmaneuvers by decoupling the SEE's mass or actively using the SFE's momentum to anfect aditional control

Once the OMV is docked with the target satellite a varietyof different control issues must be resolved.
As previously mentioned, algorithms that use mechanisms with kinematic redundancy to avoid collisions and
minimize disturbance torques could significantly improve the system's performance. Rea -time computer
graphic simulation coupled to prototype teleoperator workstations n aid in resolving many issues relating to
man-in-the-loop control. The placement of cameras may be simulated to insure that the field-of-view (FoV) is
not obstructed. If a dual arm SEE design is chosen, graphic simulation could help to determine the most
effective human interface for controlling the bilateral mechanism. Graphic simulation will not end with the
successful SEE design, during servicing activities, a graphic display will allow the human operator to preview

service tasks in simulation. Since communication delays in the man-in-the-loop control system may be large
and varying, the use of a "predictive graphic display" to supplement the delayed visal feedback may improve
the efficiency in performing operations remotely. Wen semi-autonomous or "supervisor control" methods aredeveloped, the graphics display would allow the human to verify mechanism motions that are proposed by the
controller. One final note relates to the design of the satellite rather than the OMV itself. Current satellite
desic n philosophy is oriented toward multiple redundancy and no post-launch servicing, the advent of on-orbit
service techniques will relax some of these desipn constraints, but satellite design must change to take
advantage of these new possibilities. Hardware simulations (Refs. 7-11) of servicing missions on modular
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satellites have been performed, but computer graphic simulation provides a cost-effective means of preliminary

evaluation of the compatibility between a satellite and the servicer.

4. Conclusions

The experience gained at the Marshall Space Flight Center indicates that the use of computer graphic
simulation in support oftele-robot systems development is extremely important. Although hardware simulation
is not replaced by these computer graphic simulators, a considerable cost savings is experienced by delaying
hardware implementation until the designs have matured. Once a robot system becomes operational the value
of graphic simulation continues as a means of previewing planned task execution. It is expected that as the
performance of computer graphic simulators increases and as hardware costs decrease the use of graphic
methods will become widespread.
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ABSTRACT

In artificial intelligence literature, using prior experience to help solve
new problem situations is termed "case-based" reasoning. Various authors have
proposed using case-based reasoning for learning new concepts in mathematics, for
clinical problem solving, for settling legal issues based on common law, and for
interpreting and resolving common sense disputes. This paper discusses the need
for such reasoning in performing process development tasks. In particular, it
describes th? significance of compiling case histories to capture critical
process knowledge and the methods of compiling and reasoning with such histories
to reduce process development time and enhance its reliability. This approach is
especially useful 19 situations where existing processes are modified in response
to frequent product changes or when processes developed for a prototype operation
have to be ported to production systems.

A system to expiore such ideas has been designed and is under implementation
at Martin Marietta to assist process engineers and technicians in evaluating the
processability and moldability of poly-isocyanurate (PIR) chemical formulations
for the thermal protection of the Space Shuttle External Tank. The Process
Development Advisor (PDr) aids the process engineer in (1) identifying a startup
set of process parameter windows from case histories of similar chemicel formula-
tions and their moldability in test mold configurations, and (2) refining these
windows by diagnosing specific process problems and suggesting adjustments for
fine tuning the fotmulations and/or machine and model setup parameters.

The POA is composed of six different modules: a database manager, an
experimental design module, a study module, a case memory unit, a control program
and a user interface.

1he data base manager is used for representing and organizing numeric sensor
data ln the form of tables and records as they are acquired from different
experimental runs of the process. The experiment design module uses all of the
known process parameters and properties of interest as inpot and recommends an
optimal experimental design matrix for evaluating the effect of the parameters oan
the process. It evaluates the results of the experiments for individual and
interaction effects and suggests a list of critical parameters for detailed
study. The study module allows detailed characterization of a process by

(PAPER NOT SUNBI4TTED FOR PUBLICATION)
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deriving empirical models of parameter-property relationships which are important
for identifying optimum process windows. The functional relationship between the
parameters and properties is an example of a model represented within the case
history of a process.

The case memory unit is an episodic memory which stores case histories of
past process development efforts organized in the form of MOPs (memory organiza-
tion packets) and sub-MOPs. Individual events can be retrieved from case
histories by approaching an appropriate contextual category of MOPs then indexing
with the relevant MOP to derive information relevant to the current process
development tasks. The control program is organized in the form of generalized
process function schemas. Some schemas generate the appropriate context for case
retrieval while others perform the necessary refinements to the retrieved models.
Graphical representation of empirical models in the form of 2-D curve plots and
3-D surface plots as well as the intermediate results and final recommendations
for the optimum process windows are accessible through the user interface.

Process knowledge is acquired by the system in the form of case histories.
A case history is a collection of process development events represented in MOP
form which consists of a context frame and a set of indices. The context frame
contains information about the features (norms) that are common to all the events
and sub-MOPs that are indexed under it. The indices are the characteristic
features (differences) that distinguish between the events. Each 1OP is a
generalization of process behavior at some level of abstraction.

A case history starts with a basic set of ingredients in a chemical formula-
tion and a corresponding set of in-process and post-process behaviors as its
norms. The behaviors are modeled empirically in bottom-up fashion. To begin
with, one starts with the experimental design module for the identification of
process-critical variables. Then, one follows by the acquisition and o'ganliza-
tion of experimental data with the database manager. Finally, one concludes with
the modeling of the relevant parameter property relationships with the study
module. The study module also uses these relationships to generate optimum
process windows for effective process control. Any changes that are made to the
base chemical formulation to study the effect on process behavior are indexed by
their differences from the norm with the MOP. For example, if the effects of a
different catalyst on the process behavior have been investigated, then this
event is indexed by such a difference and resulting models are stored under that
index. The case -meatory is self-organilzing in the sense that strives to minimize
the search effort for the retrieval of relevant cases. It accomplishes this by
identifying similarities between indices in terms of the order (first order,
second order, logarithmic, etc.) of the property response models and merging them
into generalized sub-MOPs, when possible. Thus, the norms of the newly created
sub-MOP contain models that are applicable to a collection of events rather than
to a single event. Such generalization improves the efficiency of storage as
well as retrieval. Current implementation has a variable threshold on the
minimum number of similar cases that would be necessary to generalize events.
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The system's reasoning mechanism is guided by the control program, which
consists of several process development schemas which are instantiated by a
combination of input from the user and knowledge retrieved from the case
memory. Typical examples of schemas are porting schemas, which contain knowledge
about how to port models developed from one machine to another machine of similar
make; scaling schemas, which contain information on how to scale models from a
prototype operation to a production system; and characterization schemas, which
contain information on how to develop a new process from conception if no
relevant cases are found in the case memory.

For example, a process engineer may want to investigate the performance of a
PIR polymer for use in a processing system that imparts more mixing energy than
the prototype system. The PDA is given both the component description of the
polymer and the distinguishing features of the target system and is asked to
recommend the best startup set of process parameters that would optimize
reactivity.

The PDA will first try to locate an identical case in searching through both
contextual categories (MOPs) or PIR polymers and an index of mixing energy con-
tained within. If one is found, the models under that index are transmitted to
the porting schemas, which determine the optimum process window and report it to
the user. If, on the other hand, the exact index is not found in the MOPs, the
system reasons with the knowledge that two PIR polymers having the same polyols
and catalysts but supplied with different mixing energies differ only in absolute
reactivities and not in the model (first order, second order, logarithmic, etc.)
employed for approximating their reactivities. It thus retrieves a model from
the case history of a PIR polymer that shares the same polyols and catalysts. In
this case the model is transmitted to the scaling schemas, which will recommend a
minimal set of experiments (i.e., two experiments if a linear model is retrieved)
to adjust the model by a scale factor. Any further refinement for optimum
windows will again be handled by the porting schemas as discussed earlier.
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This paper examines the problems in applying automation to arc welding
for wall batch size operations, and proposes a practical adaptive
oontrol model. It identifies two elements as principal to the model:
sensor fusion and expert systems. Sensor fusion provides an
interpretation of the wield execution environment. The expert system
acossen this intexpretation, as well, as a rule base, to arbitrate
among conflicting goals, such as cost wnd productivity. This is
acxIlished using a goal reduction strategy. In order to give the
model a broad base of applicability, a generic approach is taken.
System development is phased in a set of steps to minimize the
redutndacy of effort in applying the system to new welds, welding
applications, er weld prwnses. Ths steps include generic
engineering, weld process esqineering (e.g. SAW, GW, and M2XIJt), and
application eginearing. This is supp.otd by partitioning the system
into ocronents amenable to tailorinM it for the broadest possible
application. These co ients inclhxe the process engineering
laboratory, application enginerbg laboxratoty, ati the field location
set-up. This partitionimn suMports iterative development of successive
weld processes and applications, aid provides a functional,
uaintainable architecture for the sytem.
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Introduatictn

Small batch operations coprise an important segment of arc welding
activity. In particular, this includes almst all welding done in
Naval shipyards. Tasks such as these, because they are often costly,
difficult, and hazardous, are desirable candidates for automation.
Unfortunately, successful attenpts in arc welding automation have been
largely confined to repetitive tasks of large batch size (refs 1,2,3).
Only limited success has been reported for automation of small batch
sizes (refs 4,5).

The difficulty in applying automation to small batch arc welding
operations lies in overccming anomalies associated with machine,
workpiece, and metallurgical variables attendant to the arc welding
process. Such anomalies are common in Naval shipyard welding. Because
of the low volume and massive size of vessel components, the tooling
required to fixture and locate these subassemblies within tolerance is
costly and difficult. Manual grinding operations prior to welding and
distortions that develop during welding produce dimensional variations
requiring compensation in torch position and process parameters. The
key to resolving these difficulties, it appears, lies in applying an
adaptive control strategy to arc weld operatiuis.

our investigation of adaptive control strategies for small batch arc
Welding suggests two elements are important to successful autaration:
sensor fusion and expert systems. Sensor fusion is necessary because
no single sensor is sufficient for a reliable interpretation of weld
progress. By combining the input of two or more sources, sensor fusion
derives an intelligent picture of events transpiring in the target
environment. The expert system provides the mechanism for making
decisions based on this interpretation; it uses sensor fusion output in
conjunction with a rule base to reconcile coapeting goals, such as
cost, quality, and productivity, to make effective decisions durinq
arc-on time.

The practicality of such a system depends ultimately on our ability to
apply the system to an ever increasing variety of weld problems. We
have therefore placed great iportance on developing a generic approach
to arc weld automation. We believe we have successfully determined and
modeled this generic control system structure. This system, called the
Naval Eqert Welding Control System (NEWM), is the focus of this
paper. Whiie the primary focus of our research has been on Naval
shipyard applications, the system emerging from this xyisarh is
applicable to a broad range of advanced programs.

GDI is developing the NEWWC as an epert adjunct to its conventional
oIwrcial welding control systems. We believe such a csmbination of
convmentional algorithmic control, augmented with an expert adjunct,
will offer a lov risk path to fully removing the human operator from
=u nt-to-mxent control of welding.
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Operational and maintenance difficulties arise in systems which evolve
by tacking together a miscellany of separately developed subsystems,
derived from a variety of sources and based on differing design
practices. To avoid these difficulties, we are developing the
conventiona] control system and its expert adjunct as a fully
integrated, consistent whole, using standardized methods and practices.
By this means we expect to provide a complete set of capabilities,
fully integrated, without the "patchwork quilt" appearance and behavior
of so many of today's welding control products.

Expert systems are computer programs that use the knowledge underlying
human expertise to solve difficult problems. This knowledge is usually
highly specialized, and is focused on problem-solving skills in a
narrowly defined subject area.

There are two types of knowledge in expert systems: public knowledge
and heuristic knowledge (ref 6). Public knowledge includes docuented
definitions, facts, and theories. Heuristic knowledge is private,
undocumented, based on individual experience. The knowledge captured
in the NLWCS includes public knowledge shared among welding engineers,
welders, and control engineers in textbooks, monographs, and journals.
It also contains heuristic knowledge, including salient features of the
journeym:n welder's years of experience.

Knowledge is typically represented as one or more sets of rules. The
advantage of rule-based representation is that knowledge is handled in
a modular, easily understandable form. Rules consist of statements in
the form of condition-action pairs, as diwn in in Figure I.

The torch is positioned In the center of the groove
AND

The groove Is opening up
THEN

Increast weave width
AND

Cowsder
Increasing heat Input & deposition rate

OR
Slowing down travel rate

Figure I - Rule-based ledge rqprseftation
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This rule states that if it should happen the -torch is positioned in
the center of the groove while at the same tire the groove is opening
up, the system should increase the weave width, and should consider two
other possible actions: increasing the heat input and the deposition
rate, or slowing dawn travel. A rule whose conditions are satisfied
can "fire," causing its action to be executed.

At runtime, the expert system cycles through three operational phases
in selecting and executing appropriate actions. As shown in Figure 2,
these phases are called matchi, conflict res-olution, and aqtio (ref
7). During matching, the system finds all applicable rules by testing
their conditions. This phase generates a set of proposed actions,
called the on flicts During conflict resolution, the system
resolves these conflicts, There are several strategies for resolving
conflicts among rules, such as first come first serve, rule priority,
rule specificity, and rule recency. The NEW uses a kind of rule
priority strategy called goal reduction; priorities are defined using
metarules to arbitrate among contending system goals. This strategy is
presented more fully below, in the section on multiple goals.

R z "Put" RMN O L oawM
"Af""WO "At~e dw00q bV~I ".Ms

?igmt 2 9aSes of the apat set i exftion cycle

Conflict resolution Profoes a & et of ations called the adigaset.
""i output bwes L-p~it to the action ph-Ase. IWing the action
phase, the rules in the action set iifire,,W causn new output to the
user, wxztion of selected prcedures, or inertioni of &%ditional

informa ionito wozxkbq mory, for use in the following cycle.
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There are a number of risks associated with expert systems. For
example, they cannot detect when a problem is beyond their scope, and
do not degrade gracefully. They lack general problem solving skills
people take for granted. Consequently, applications requiring a large
body of general knowledge may be unsuitable for expert systems.
Although the modularity of rules is advantageous during system
development, strongly constrained interaction among rules can lead to
inefficient performance, and in large rule bases, control flow can be
difficult to follow. While situation-action knowledge is expressed
naturally, algorithmic knowledge is not.

Risks such as these sere to limit the range of applications suitable
for expert systems. Applications should be clearly scoped and must
require only a modicum of common sense knowledge. They should have
only rdest real time requirements, and should be susceptible to
heuristic, rule based expression rather than algorithmic
implementation.

In addition to these risks, if the NqCS is to be of practical value,
it must satisfy some requirements unique to the shipyard environment.
Foremost among these requirements, perhaps, is the need for co-worker
systems. Co-worker systems are cooperative expert systems which share
a knowledge base. Twqo types of joint information need to be
exchangeable among co-worker NLWCS: long and short term experience.
Exchange of long term experience must take place when a NEWCS unit is
first installed in a shop. It must consult other units that have been
in operation to bring itself up-to-date. Short term experience must be
exchanged in handling extremely long welding jobs, such as in
asseribling segments of a submarine hull, where two NECS units are
operating on the same joint 180 degrees apart. Men one of these units
gets to a location previously occupied by the other, it must consult
the other unit for joint history.

1 Naval-I dimer Orfp

For the most part, the use of expert systems in welding has been
exclusively applied either before or after execution of the welding
process (refs 4,8,9,10,11,12,13). Systems used before welding we call
_p_ e-L.d expert systems. £xanples include expert emulations of joint

design, welding process selection, material selection, welding
procedure determinatio, and pre-weld inspection. Systems used after
welding we call xgset-y9 expert systems. Examples of these include
fault diagnosis and weld inspection interpretation.

We have adopted a different approach to applying expert systms to the
welding field. We ar exploring the use of exert systems as a means
of providing intelligence for process control during the execution, or
.n:prM s, ~Mase of welding, with particular emphasis on smal batch
arc-weld operations typical of the Naval shipyard envirownt.
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While the focus of this in-process approach centers on weld execution,
its impact is distributed over selected aspects of all stages of
welding. Thus, during weld planning, the NEWCS reduces requirements
for operator qualification, yet has little effect on process, position,
or consumables planning. In weld execution, joint and equipment
preparation remain much the same, while the welding operation itself
and some aspects of quality assurance are automated. Finally, during
post-weld processing, activities associated with inspection, diagnosis,
and documentation are each subject to partial automation.

The relationship of the EWCS to other cmponents of the welding
system is shown in Figure 3. The NEWCS is at the center, where it
receives high level sensed information, evaluates it, and directs
operation of a conventional welding control subsystem. The other
components of the system are accessed as appropriate during weld set-
up, weld execution, and post-weld analysis.

W Wet* Fed.
* Pe*1s POuItIoftI

Figure 3 - of ts te ert weldiM octrol system

Prior to weldiq., rhe NE3CS receives data about the weld set-up from
the weld plat r through an off-line commnication link. Ihis includes
information about part gemetry rbot path (as detemned by off-lire
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CAD), and weld parameters such as current, voltage, travel speed, gas
type, wire type, torch orientation, number of passes and bead sequence.

During weld execution, the NEWCS receives information about the weld
operation from several sources, including welding sensors, -he welding
control subsystem, and the operator. Based on its evaluation of this
information, the NWS identifies conditions varying from the preset
weld procedure, analyzes these conditions, and modifies the weld
procedure accordingly, in much the same manner as does a human weld
operator. It then advises the welding control subsystem as to how to
handle these anomalies occurring during the weld. As part of its
analysis of weld conditions, the system provides some in-process
inspection and fault diagnosis.

Also during weld execution, information about the weld process and the
system's decision-making is displayed on-line for the operator to
monitor and evaluate. Although the NEWCS is highly autonomous and
requires little operator intervention, it is bmportant that its
decisions be depicted in a highly visible and transparent manner.
Because of its importance to the success of the system, the user
interface is discussed in sote detail below.

After welding, the N'CS communicates data upstream to an engineering
station. At this station data can be analyzed to identify and extract
any errors in upstream operations, system performance, scheduling
information and statistics about the weld operation, such as total arc-
on time, cycle time, deposition rate poer hour, and xaint-nance time.

-- Ssor Fbsion

A ombination of sensors is necessary to gather the information used in
adaptive control of shipyard welding operations. Sensor fusion enables
the system to atrive at a reliable interpretation of workpiece and
eqApient states, to anticipate future states, and to detect, diagnose,
and ormct .aults. Sensor fusion ixproves system awareness ad
perception of the envirormt beyond the scope possible with evaluation
of a single sensor, or separate evaluation of nldtiple sensors.

For examxle, sensr fusion plays a role in making intelliqent fill rate
decisions. For mteials sensitive to heat inpit, fill rate decisions
require omtilned suport from both vision and teperature sersors. A
vision sensor is used to capture the jobnt getetry and torch-to-
Workpiece location. A tenVerature sensor provides a teqtmrature
profile, inluding the cooling ra-e and thermal balane. Te surfaoe
data frm the vision sensor may be used to derive a fill rate, bWt this
rate cannot be regarded as oncusive. Variations in workiqe
thic e and clai g can cause unforeseen canges in heat sinking,
and this can have an effect on the cooling rate. The tessvrature
profile mrust be cunsulted to determine whther the cooling rate is.
within range to prcduoe the mechanical propties required of the

t.,.picce. If the cooling rate is not within range, the fill rate
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should be adjusted accordingly. Only by comibining cctip1emntary
information frcn two or more sensors can the system form the basis for
intelligent decisions.

1anacue=t of MUltiple Goal Situation

Management of multiple, curirmt, and often conflicting goals is
another key elemnt in the xuECS. In performnir a weld manually, the
operator is continuously evaluating and coordinating the many
indicators of quality: deposition rate, bead gecmetry, heat input, and
others. This is acccmplished based on the operator's experience,
without reference to written rules or policy. Consequently,
variabilities in human disposition have a great irpact on the
effectiveness of decisions. The ccmplexity of these decisions, and the
fact that the operator makes them In real time, in a dirty, noisy,
smelly environment, means that they are usually sub-optimal.

Codifying management strategy for multiple goals would go far in making
the welding process better understood. This in turn would make it more
predictable and productive. By describing and ranking the various
goals of the weld, one is forced to make quality, cost, and
productivity tradeoffs in an atmlshere more conducive to good
decision-making. Further, the analysis process leading up to strategy
formulation would enable managem1t to examine the onsequezs of
particular strategies in advnc.

Unfortunately, current practices dictate that decision-making be
conducted "at the torch," as exeawified in an observation made by the
weld engineering staff at the David Tayl;r .bMp Research and
Development Center. In wAvarine welduvg, yard anagemnt detemies
the productivity of the welder that proes the hiow-est output w~hile
remaining within acceptable quality and cst. Volicy for all others is
then set at 80 peroent of that level, the twenty percent providing a
margin of safety for su,-ptiml decision-mking . Ihe penalty for
overall yard production is obvious. Thus an objective of the NEW is
to allow managers to.increase pxbtivity. to nearer the -theoxtiCal

Fbr any given goal, there is a set of solutions that will satisfy the
goal, Caled the fejbe of solutions. Solutiors differ in tem
of the degree to uhich they satisfy the goal In chcosing a soution
from the feasibility set, decision-wakes use the goal to eliminate the

&- tpinal solutions. Eentally, one solution is sele&ted that best
satisfies the goal. This is refe md to as the Wctai l lSonui.
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If there is more than one goal, however, there is no guarantee that all
goals are ccmpatible. More than likely, they will conflict. This
complicates considerably the process of reducing the feasible set to an
optimal solution. Consider the example in Figure 4. Two goals are
represented, output and cost:

(1) maximize the output of the welding process
(2) minimize the cost of the welding process

outpu
-- I

I I
I I

olo

X2 X

VUg= 4 - Zttiple goal q*ir..ation points

Cwsiderinq each goal individually, the process shoild operate at point
a4 to aximize *otput and 3 -to minize cost. wevier, th process
can operate at only ow level at a ti.i: thus these two goals anot be
cptimited in eperudentl~t.

As shonm in Figure SO if uore than one goal exists, the point that will
optimize each goal ite e y the ideal solutiw, is not ntaird
i the feasible set of solutions when the goals are 0isitde..
togedr. In othar wads, the ideal solution is infeasible.
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Ideal

(Xa Xi) -a-.. Fealuite Solutions

0

Figurn 5 - Idal solutlJais vs. the feasibility SPac

cnilicts'nq goals am ca to the M1Ing enircntq aXt 'it is
zwessary that the MMQ adct a stratej tor resol1vIng these
conlcts. Thee are tiw poosll-e tays to do this.

Frst, nltiple tjective pxowzami tectiqs can be awied. At
preset, lxnever tis tedmique will not handl S~taticttstt have
my variables or goals, aml it is ncIt practial in mOSt veal world
situations. Further, if there are aW ctans in the: CiMCt~ArAs
snurww"v a decision, the entire JU'Ttl= mst be re-Rspecfia AWl w
again. This is very tine awnclxq at best.,

Seond, the nAtitile goal prulai can be retaio to'a single goal
prolem. This is the approach take -in the Mm. oal roftiat Is

accnliswi ~ piortazn~ w pals. a" desigotttir the wOSt
irportazt goal as theed 2wa~1 The inL-n goals bpicoe

in order to otimize a goal wite" the* banb o-f Other 0c3nMtrtmiV.
goals, it is nwessar to qpecify eadh goal qtmatitativelyi st
desired level of attaixant. This level4 is a threskvld value that rs
not to violated. Xf a carvWate solution t* the Mtimizal goal wnild
violate the threshold value of a xnreftraib* goal, the value of the
(Vpzdzcd goal mt be doanqed. It dianes reqiiL*- of the cqtinlzed
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goal would force it below its own threshold, the problem has been
imprperly specified.

The opthnized goal is the goal most important at a particular time, and
may change with time, due to shifts in external factors or in the
availability of information. For example, at the start of a welding
project, cost may be of prime importance, and this will drive the
project. As time passes, however, it ray become evident that the
project must be completed sooner than expected, and the importance of
cost may give way to throughput. Thus, the optimized goal is dynamic.
This in turn will change the constraining goals, and their threshold
values may change, also.

Figure 6 shows an example of multiple goal management expressed as a
rule in a knowledge base. Frm this example, we can see that so long
as the constraining goal, heat input, is well within its limits, we can
maximize the optimized goal, deposition rate. However, when the
constraining goal threatens to violate its threshold value, it becomes
necessary to make a trade-off, and decrease travel speed.

IF
M W" iesk 10P"""d in 1w ".Ame of IM Uoo"£10

MC ~.I"" w.ae W

Qs" it. i%* W WMA 4 d M OWN O

- " "-1 " " 4 .
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* Oeperator Interface

During weld execution, the NEWCS is highly autonamous, and needs little
operator intervention. The functions of the operator consist primarily
of monitoring weld progress, evaluating the system's decision-making
activities, and replenishing consumables as needed. If the NEWCS is to
inspire confidence sufficient for its acceptance at the work site, its
interpretation of weld conditions and its response to these conditions
must be portrayed clearly and transparently.

Several elements enter into making the NEWCS operator interface
effective. If the interface is to be intuitive, information should be
represented in terms familiar to the welding domain. The operator
requires a rich set of commands for probing weld and system conditions,
but demands for memorization should be minimized. The interface should
give the operator the pcwex and flexibility to bring together various
arrangements of information on an ad hoc basis, with a full range of
perspectives, in accordance with the needs of the mment. Lastly, the
mechanism for interacting with the system should be instinctive and
sirple.

Our approach to the NEWS operator interface is based on direct
manipulation, using displays like the one shown in Figure 7.
Interaction is organized around the use of a pointing device, such as a
touch screen or track ball. Information is presented syrbolically,
using graphics to depict weld conditions in a way familiar to
operators. Operator osmmnds are su orted by advanced menu
techniques, including pulldown me=s, dialogue boxw, and other choice
structures. Windows let the operator rapidly adapt status readouts
according to passing circumstances. The pointing device lets the
operator easily rovigate amnqg interactive spnmols, menus, and windows
pWpiatung the display utn tm&ckin *X-115 performac.

The ability of the MCS to explain its decisions is iqportant to
system crelibility. apl~rnations provide the operator with a view of
the current strategy, the factos governing the strategy, and the
options =canmitant to the strategy. Explanations cannot afford to
rely solely on text. pictorial and metaphorical representations are
mre easily gqAsped, especially when inplemented as Interactive
entities capable of sustaining operator exploraticn and maniptilation.
Frwx the operator;s persective, explanations are integral to the
system, not the product of a subsystem devel1~ed as an afterthett.

Off-line, the NEW interface prav i operators, designers, and weld
engineers with capbilities useful in riintaining the NE . The
approach is sinilar to the ai-l e operator interface, except it also
has facilities for tracing, replayi"n, and simlating selectd uvld
segwnts, and for editing the MIM rule base.
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Process Scheduling Sensor Maintenance Help

1 - Operator: John Doe W l P:0 I
Component: Sub Hull 2111 181
Joint: V.Groove Process; GlUAW
Gee: 98%Ar 2%0 2 Wire: ER 2OS-1 Current (Amps) 22

Preheat: 300 F Material: HY-100 200 300

Lun FIll Strategy: Constant Level KJIIn

Bead protile sensor Indicates bead C
p-olile has deviated from plan

Bead profle Is offset to right

To maintain conetant tevel till 0
strltlgy, torch has been moved closer as
to tell tdswalll so

75
-- J70

Travel Speed 11pm) 15.0 60

$5-

Ps - Planned 0 1 00

Figure 7 - Operator interface display

For the NEOCS to be of practical value, a generic approach needs to be
taken in its design: a spectrum of capabilities is required to apply it
to a variety of weld problems. This is acomplished by two means:
1) phasing system development into a set of steps that minimize the
±-d~und~cy of effort required each time the NSX is applied to a new
wet, weld application, or weld process, and 2) partitioning the system
into a set of ccupmnents amiable to tailoring the N04cS for the
broadest possible application.

L ~t,,, ,kLmses. As shown in Figure 8, the steps involved in
applying the NEWS include engineering of aspects generic to all weld
processes, engineering of versions particular to the selected weld
process, customizing data specific to the particular weld joint
application, and monitoring and evaluating the NEWS during weld
exeution.
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Sense Environment
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The principal outputs of process engineering are a rule base and set of
data templates for a specific weld process. The rule base contains the
knowledge acquired from the experts in the particular process,
including rules for the physics of the proc:ess, applicable joint
configuration(s), equipment operation and process fixturing, and the
framework for policy limits set by management. The data template is
used later, during application engineering, to fill in specific data
about the joint to be welded . These data condition the process rule
base to such things as material thickness, weld position, edge bevel,
number of passes, bead width, and policy limits. An example of part of
such a template is given in Figure 9.

Ag.1 * . * I

Process Title: [G M AW
Application Title: 150 degree beveled HY 100 4" thick]
Material: IHY-100
Thickness: 4inches _,'_....._'__1

Bevel: 0degrees .
Position: [I .hu 60'Y lock _

Nominal:

passes: 13 I
bead width: 1.45o__n____ '

bead depth; 0.240 -Inehe.
speed: (iPM i ._
current: (2_ . .e'

voltage. . 1 Vnit,

Policy: Priority Limits

fDegstlon rate 1 5O blhu
l -input 12J 1... 20 KJIln

Thickness: I, I . I I1

Figue 9 - Suane data tealate for aW press

1olloWing weld process "neen i, the Ehipyard weld emlineer creates
specific NWCS applications. This is aomplished exploying sowe of
the sav knl4edge engirrvxing tools used in the process engieeriN
stage, but used in a xre restricted uy. The principal vehicle for
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the application engineering will be the data template. If process
engineering has been thorough, application enginesring should consist
of little more than filling in the template with data describing the
particular joint as to configuration, desired bead geometry, number of
passes, acceptable heat inpuit limits, multiple gcal priority structure,
required coordinations with co-worker NEWCS, history and quality data
to be recorded, etc.

The dividing line between a weld process and weld application is not
always distinct. Although (AW and GTAW are different processes,
within the GMAW process itself it is unclear at what point of variation
in tooling, equipment, material, or joint configuration it is necessary
or wise to describe a new process with an associated rule base and
template. This dividing line will probably be dictated by the degree
to which the process rule bases can be made general in nature and broad
in applicability. The dividing line thus becomes a function of how
imuch coplexity in a given rule base and how much speed degradation in
the inference engine we are willig to accept in order to preserve
generality.

Once completed, application templates go in the N3WCS application
library and are available to the weld operator for use in weld
execution. Exxing weld execution, the NEWCS accesses rule and data
bases to generate control actions, record quality indications, and
self-optimize its performance based on environmental factors and data
received from concurrently operating co-worker systems. The NEWC
provides the weld operator, quality assurance staff, and co-worker
NEWS with sufficient data during a particular weld that they can
monitor progress. In addition, the NEWS provides the weld engineer,
mmtagemit, and the NEk system engineer with data pextainng to long
term performance of the system.

Sy2 em 1 t! . As shomn in Figure 10, system ccmponents consist
of the process engineering laboratory, the application engineering
laboratory, and the field location set-up. This partitioning is
designed to support iterative developomit of sucoessive weld processes
and applications. It provides a functimial, maintainable axhitecture
for the NEWS.

The process and aplication eineering laboratories provide knowledge
engineering tools used to collcat and organize process and application
knowledge 0-w various experts. In the field location set-up, an
expert wela execution advisor and matching control subsystem supervise
welding equipment using the rule bases assebled by the knowledge
enxgnear and the weld pxxoure teoplates aweabled by the weld
engieer.
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Artificial intelligence technology has much to offer the shipyard
welding situation. In particular, the use of expert system, the best
developed branhd of artificial intelligence technology, offers a set of
behavioral characteristics for a welding control system that can
significantly improve the productivity, quality and reliability of
shipyard welding activities.

The simultaneous management of several goals iS one of the major
challenges in such a system. The goals of maximized productivity,
maximized quality, minimized cost, and management policy can often
conflict when variations occur in the parts to be welded. Daring the
weld these goals must be traded off in light of the facts of the
particular circLmtance, and decisions must be made regariing changes
in welding parameters within a matter of a few seconds.

Human welders do this by relying on their accumulated experience base,
Cur studies show that as competent welders become more and more
scarce, expert system technology can be used to extract their knowledge
in a form suitable for control system purposoes. An expert weldig
control system would conduct the weld in the same fashion as the human
operator, but with enhanced reliability and performance. It would
allow management to inrease productivity to nearer the theoretical
maxiMum without jeopadizing quality, and provide iWroved visibility
into system performance, thus increasing confidence in the overall
operation. By structuring the NEWCS genewrically, it can be applied to
many differnt shipyard welding situations without sigmutficant dmae
in the system itself.

This Mak was q esord by the Naval Sea Systms amard, xqw t
of the Navy, Urer Oantract #NO024-87-C-5121.
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ABSTRACT

This paper describes the development of a 3-D graphical
simulation of a Direct Chip Probe Test System (DCP/T). The DCP/T
system is an autoated probing system that performs full dynamic
electrical testing under thermal stress on integrated circuit die
(chips). These tests are necessary to insure that the die passes
military specifications. The simulation was developed using MCAUTQ
robotic simulation software and an Evans and Sutherland graphic
workstation. The simulation was used to verify DCP/T mechanical
and dynamic operating parameters and to assist in the design of a
segoeneration die testing system. By dividing the probing system
into subsections or modules, we were able to treat them as 1%ii-
robots" and simulate all equipment movement and probing proess
steps using the robotic simlation software.

INTRODUCTION

ts paper describes a methodology, which was developed jointly by

MIOM and UWH, for using commercially available Robotic Simulation

Software (I=$S) to design and simulate advanced manufacturing equipment.
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RSS is used in conventional applications to simulate robotic devices,

and allows manufacturing engineers to develop automated workcells from

existing robotic libraries, or utilize CAD (Computer-Aided Design)

software tools to create robotic devices.

The RSS software in use at the MICOM Advanced Manufacturing

Research (AMR) facility is mCAUTO, which was purchased fra McDonnell

Douglas. The system provides applications for defining movement and

motion for robotic devices which are relational to real-time perform-

ance. Complete multi-axis devices can be defined and integrated with

graphic models to display manufacturing workcells (see Figure 1). Then

software sequences may be developed to program the devices to perform

simulated manufacturing tasks. CNC code is available for off-line

pro~gramirang robots.

Cur requlrements ere different from conventional RSS applications

in that the need was to simelate detailed graphic models of advanced

and automated manufacturing equipment. Manufacturing Deign and

Simulation (MU&S) software tools wre needed to provide the capability

to design

advanced manufacturing systems and simulate real-time graphic

models. An t&S approach could provide a low cost method to support

research and development for missile manufacturing concerns.
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A microcircuit test system, the Direct Chip Probe/Test (DCP/T)

system (see Figure 3), was used as the prototype MD&S model for this

project. CAD software was used to create a detailed 3-D graphics wire-

frame model of the DCP/T system (see Figure 4). The system was

subdivided into isolated modules and represented as one or two-degree

of freedom, robotic devices.

Fran this point, engineering concentrated on using robotic device

definition software tools to create motion and movement for working

components of the DCP/T.

THE DCP/T SYSTEM:

Work was initiated in microcircuit chip (die) probing technology

by the U.S. Army Missile Command as a result of low yields and high

production costs involved in the production of complex Hybrid

Microelectronic Assemblies. Low yields and high production costs have

provided the driver to develop technology for pre-screening die under

thermal stress prior to assembly into 10A packages. Subsequently, the

Army has developed a direct chip probe/test system (DCP/T) to perform

dynamic testing at hot and cold temperature extremes (see Fig 4). The

automated DCPiT is capable of picking die from standard waffle packs,

probing and performing electrical tests on each die at selected

temperatures, and sorting the tested die depending on the electrical

test results.
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Of major importance is the unique capability of the DCP/T to

perform full dynamic testing on individual die at ambient tanperature,

and at specified hot and cold temperature extremes with a single probe

of each die.

The canplexities of precision mechanical placement and positioning

of the ticrocircuit die are such that enhancements were needed to

improve the DCP/r. A new alignment module could utilize pattern

recognition and micro-positioners for die aligment, and eliminate

possible damage to the die due to mechanical handling techniques used

on the original DCP/T design.

The DCP/T system uses a dual position, pick-and-place arm (see

Ligure 5) wich provides input and output of die from a waffle pack and

transfer to the probe/thermal test chaxbor. The picking of each

successive die therefore requires the input table to be indexed to

properly position each die at the pick point in a sequential manner.

Likewise, the output table is indexed to accmaplish the desired sorting

of the tested die. After a new die is picked frcm the input. table and

placed on a rotary table, a mechanical centering mechania (see Figure

6) closes on the die to provide final aligiment and precise position-

ing. A vacuum is then applied to a small orifice under the die to

secure its position on the table. The Anorad rotary table then rotates

and presents the die to the temtrature chabr for thermal screening

during n=urrent electrical test.
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The Anorad table allows manipulation of two die. The table and

dual arm positioner was designed such that die are picked and place to

in-put / output stations while a second die is undergoing thermal

screening.

A concept was developed under previous Advanced Manufacturing

Research tasks to replace the DCP/T mechanical aligment module with a

pattern recognition, intelligent positioning module.

If successful, the results of this project would prnvide a low

cost software tool to make design enhancements to the DCP/T and

evaluate concepts with MD&S methods, versus traditional methods of

making costly hardware changes to prove out design concepts.

MD&S APPLICATIONS D1VOPMFNT:

Three-dimensional graphical models o. t..ae DCP/T system were

constructed using Cimputer-Aided Design (CAD) software, Wire frame

models were created based upon measurements of the actual equipment.

The MCAUTO software allows wire-frame simulation and animation of

robots with up to six degrees of freedom (DOW). For each robot, a

BUILD file is developed that describes the physical characteristics of

that robot. These include Joint type (translational or rotational),

limits, velocities, and the type of motion. By defining these real-

time operational characteristics, an accurate robotic graphical
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simulation can be developed. For this project, we did not have any

robot to describe. Instead, we had an highly-complex, automated piece

of machinery that has five precision moving subsystems. The subsystems

are:

(1) Dual-Position Transfer Arm

(2) Anorad Rotary Table

(3) Input Station

(4) Output Station

(5) Alignment Mechanism

The graphical model of each of these subsystems is shown in

figures 3 through 7 respectively. Each subsystem was "broken" into two

elements. The fixed or non-moving element is designated as the base,

while the other element is designated as the first link of the robot.

The base and link are connected together in the MD&S software. At that

connection is where the rotation and/or translation occurs for that

subsystem. Each module was defined as a robotic device and the actual

movement and motion sequences were developed. The methodology for user

definition of models was docuented$ and thus the MD&S application was

developed.

All CPr/T system hardware modules were developed using MMS

software tools. The modules devices were linked together to form the

ccmplete DCP/T system with real-time simulation execution.
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The MD&S methodology provided a unique capability to recognize

user defined models (advanced manufacturing systems) as robotic de-

vices, and the DCP/T model was successfully developed.

RESULTS:

The MD&S application provided a valuable engineering tool to

evaluate new concepts for die alignment. The model was modified

several times and new DCP/T features were added to the 3-D simulation.

A pattern recognition concept was developed to utilize a micro-

positioner to replace the mechanical alignment module. This proved to

be an optimum approach to die aligrment and eliminated possible damage

to the die.

The MD&S application was then utilized to develop a manual version

of microcircuit test system. A cwmlete model was developed and used

extensively to tweek and tune process steps. Advanced manufacturing

Research efforts are currently ongoing to develop a prototype MANTEST,

manual probe/test system which will utilize a FTS thermal unit to

provide thermal screening in the ranges of -55 to +125 degrees Celsius.

Other applications are ongoing utilizing the MD&S methodology for

advanced manufacturing systens design.

443



Figure 1. A GRAPHICAL MOCEL OF' A MANLWACVAIIN ~W(
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igyure 2. THE DCP/t 3YSW4
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Figure 4. CLOSE~ UP OF~ DCP/T
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Figure 6. GRAPH3ICAL t*=,E OF THE A±4OLAD ROTARX TABLE

Figure 7. GRAMECAL MU~a OF THE~ IMW SA1I
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ABSTRACT

This paper presents an automatic programming system of manufacturing
simulation models written in GPSS/PC. Included in this paper are a description
of the Automatic Manufacturing Programming System (AMPS) and the operation of
the system.

1.0 INTRODUCTION

Ever since the early computers, there has been interest in having computer programs that

help programmers write computer programs. The term commonly used to describe this approach is auto-

matic programming (AP). Automatic programming is defined as an application of artificial intelli-

gence (Al) that is concerned with automating some aspects of the computer programming process (Barr

and Feigenbaum 1982). More specifically, automatic programming requires another program, an automa-

tic programming system, to raise the level of specifying the program instructinns.

One potential application area for AP is in discrete event simulation. There are several

factors that make simulation a prime application area. First, to become a trained simulationist

requires a considerable amount of training in and knowledge of the simulation language. Second,

individuals that have the skills to develop valid simulation models are in short supply (Shannon et

al. 1985) and in many instances are not even available.

A third factor that makes simulation a prime candidate for automatic programming is that

the development of simulation models is time consuming. In fact, considerably more time is

generally required to construct the model than originally estimated and more importantly, than

available. A related factor is the requirement for employees who are familiar with the manufac-

turing system to assure model credibility and validity.

A number of approaches has been developed in using AP for simulation. One approach, and

the most difficult, is to let the user specify his problem in a free text format and then have a

program that will parse the text and automatically generate the simulation code. One of the

earliest approaches was the development of an interactive natural language interface (NLI) (Heidron

1974). Through a series of questions, the system would automatically write the corresponding GPSS

simulation program. More recently, anotherNLI approach (Ford and Schroer 1987) was developed that

is domain specific for the electronics assembly industry. In this approach the target language wa.

SIMAN (Pedgen 1985).
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A second approach, which is less difficult than the NLI, is to construct an interactive

user interface. This interface consist of a set of icons that are mouse selected and connected

together to form the system. Once the system has been constructed, the user then inputs the

corresponding attributes. Another user interface, besides the graphic icons, is to use an Interac-
tive dialogue where the user responds to a series of questions. Then, based on the responses, the

system automatically writes the simulation code.

Haddock and Davis (1985) have developed a system for modeling manufacturing cells.

Through a menu format, the user defines the number and types of machines in a cell, part types,

sequences of operation, buffer capacities, and various processing times. The system is written in

Basic on a PC and automatically writes the SIMAN simulation code. Another example is a ruled based

expert system that assists the modeler construct simulation models (Khoshnevis and Chen 1986). A

set of ten icons, including transfer, create, service, gate, seize and alter, has been developed to

assist the user graphically construct the model. The system automatically generates the

corresponding SLAM simulation code. Brazier and Shannon (1987) have developed an automatic
programming system for modeling AGVs. An interactive dialogue is used to define the AGV system.

The system automatically writes the corresponding SIMAN simulation code.

2.0 AUTOMATIC MANUFACTURING PROGRAMMING SYSTEM (AMPS)

The AMPS system is a simulation tool to assist the modeler of manufacturing systems define

his problem through an interactive user dialogue and to then automatically generate the

corresponding GPSS/PC (1986) simulation code.

The approach in developing the AMPS system consists of the following phases:

o Select the manufacturing domain.

o Define the common manufacturing function for the selected domain.

o Write the GPSS macros of the manufacturing functions.

o Write the user interface program.

oWrite the GPSS automatic code generator program.

2.1 Manufacturing Domain

AMPS system domain is those manufacturing systems that can be described as having:

* Assembly and subassembly lines *where parts are being added to an assembly.
o Manufacturing cells that are providing parts to the assembly and subassembly lines.

* Inventory of parts being moved between the manufacturing cells and subassembly lines.

Figure 1 is an example of a typical manufacturing system consisting of one assembly line,

two subassembly lines and two manufacturing cells. The assembly line consists of two assembly sta-

tions, one task station and one inspection station. One subassembly consists of one assembly sta-

tion and one task station while the second subassembly line consists of two assembly stations.

Manufacturing cell MCI provides part type C for assembly station ASSY1 and part type H for assembly

station ASSY8. Manufacturing cell MC2 provides part type E for assembly station ASSYS and part

types F and G for assembly station ASSY7. There are a variety of stock points, labeled A through L,

located throughout the manufacturing system.
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KIASSYS C ASSY7

G G

MC I H H ASSY8

Figure 1. Manufacturing system

2.2 Common Manufacturing Functions

In analyzing most manufacturing systems at the macro level, the following functions are

generally similar in nature:

o Assembly - adding part X to part Y resulting in part Z

o Fabrication - making of part X from part Y

o Inspection - inspecting part X
" Inventory - moving part X or a cart of part X from stock point A to stock point B

transfer

o Simple - performing an operation on part X resulting in a modified part X

operation

These five functions represent the current domain of manufacturing functions within the AMPS system.
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2.3 GPSS Macros

Once the manufacturing functions have been defined, the GPSS subroutines can be written

for each function. These routines constitute a library of predefined GPSS subroutines or macros.

This library of macros are then called, when needed, in the construction of the GPSS simulation

model. Currently, the AMPS system has the following five GPSS subroutines:

assembly station

* manufacturing cell '

* inventory transfer
o inspection station

Osimple operation station.
Figure 2 briefly describes each of these macros. For example, the assembly station macro has the

capability of simulating the adding of a variety of different items to the incoming part resulting
in a modified part that is then transferred to the next destination, a station or stock point. For

example, in Figure 2, station STA1 assembles 2 part C's and 3 partD'sto the incoming part A
resulting in part B.

The manufacturing cell makes a cart of specified parts when an order is received. The

cell can make multiple part types. For example, cell MCi makes one part A from two part C's and 3

part D's and one part B from one part D.

The task station performs an operation on a part. For example, in Figure 2 an operation
is performed at station STA4 on part E resulting in a modified part E. The inspection station

inspects a defined percentage of parts. Of those inspected, a defined percentage is defective. Of
those defective, a defined percentage is scrapped.

The inventory transfer macro grants part requests from an assembly station or a manufac-
turing cell and checks if the inventory system is a push or pull. For a pull system the macro
orders a cart of parts by sending an empty cart back to the source and sends a full cart of parts to

the demand stock point from the source stock point.

C D

A STAI

AsSelbly station Manutscturilg cll

Ins otln station Tiak station

Inentory ttrfait

Figure 2. GPSS manufacturing macros
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2.4 User Interface

The user interface is written in LISP on a Symbolics 3620 AI machine and consists of 530

lines of code and 51 rules. Figure 3 is a partial listing of the user interface dialogue for the
manufacturing system in Figure 1. Only the dialogue for the main assembly line and the part speci-

fication for parts C, 0, and L is included in Figure 3.

2.5 Automatic Code Generator

The code generator is a program that combines the responses to the user interface that
results in the problem specification with the appropriate GPSS simulation macros and then automati-

cally writes the corresponding GPSS simulation code of the manufacturing process. The code genera-

tor program is written in LISP on a Symbolics 3620 and consists of 250 lines of code and 39 rules.

Figure 4 is a partial listing of the GPSS code generated by the AMPS system. Lines

2770-3100 are the GPSS code for the assembly and two subassembly lines. Line 2820 is the
transfer to the assembly station subroutine ASM. Line 2840 is the transfer to the task subroutine
TASK. Lines 4280-4550 are the GPSS code for the manufacturing cell marco MFG. The extensive use of

indirect addressing and MX$ require a large number of matrix savevalues.

The GPSS program for the manufacturing system in Figure 1 consists of 344 blocks. Of

this total, 110 blocks were the macros, 25 blocks were the main program and 209 blocks were for

defining the system attributes from the user interface program.

2770 *************************************** 4280 ***********************************.
2780 * ASSEMBLY LINEz 4290 * MANUFACTURING CELL *
2790 *************************************** 4300 ******************* *
2800 GENERATE V$TIKE1 4310 MFG ASSIGN 13,IXUCELL(P12,1)
2810 ASSIGN 2,1 4320 ASSIGN 14,MXCTIMIZ(P12,1)
2820 TRANSFER SBR,ASM,RTRN1 4330 ASSIGN 16,MXCTIHE(P12,2)
2830 ASSIGN 2,2 4340 QUEUE P13
2840 TRANSFER SBR,TASK,RTRN1 4350 ASSIGN 7,%X$CSIZE(P12,1)
2850 ASSIGN 2,3 4360 CARTQ ASSIGN 17,X$ITli(P12,1)
2860 TRANSFER SDR,ASM,RTRN1 4370 ASSIGN 8,0
2670 ASSIGN 2,4 4380 ASSIGN 9,1
2880 TRANSFER SBR,INSP,RTRN1 4390 PARTQ ASSIGN 8*,2
2890 ENTER PA_&,1 4400 ASSIGN 9*,2
2900 TERMINATE 4410 ASSIGN 5,MX$ITEM(P12,PS)
2910 * 4420 ASSIGN 10,HXPART(P5,1)
2920 * ASSEMBLY LINE y 4430 ASSIGN 20,MX ITEM(P12,P9)
2930 ************************************** 4440 QUEUE P10
2940 GENERATE V$TIME5 4450 TRANSFER SR,TAKEP,RTRN2
2950. ASSIGN 2,5 4460 DEPART P10
2960 TRANSFER SBR,ASM,RTRNI 4470 LOOP 17,PARTQ
2970 ASSIGN 2,6 4480 LOOP 7,CARTQ
2980 TRANSFER SDR,TASK,RTRN1 4490 FAC SEIZE P13
2990 ENTER PA..b,1 4500 ADVANCE V*14
3000 TERMINATE 4510 ADVANCE VAIME
3010 *** ************** 4520 HTIME FVARIABLE V 16#X$CSIZE(P12,1)
3020 * ASSEMBLY LINE x 4530 DEPART P13
3030 ************************************** 4540 RELEASE P13
3040 GENERATE V$TIME6 4550 TRANSFER P,RTRN3,1
3050 ASSIGN 2,7
3060 TRANSFER SBR,ASM,RTRN1
3070 ASSIGN 2,83080 TANSFER BDR,ASM,RTNI3090 ENTER FIASd, R Figure 4. Partial listing of GPSS code

3100 TERMINATE
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.t e~e******ee** e****eeeeaee.*ee**e***e
a Create a line a Part specification

1. No" of line! K Part C
2. Number of stations: 4 1. Part-Id: 3
3. Source of lines 2. Part-name: PAC

Type (see menu for selection): beginning node 3. Supply-system: Pull from an inside source
Distribution: Exponential 4. Capacity and initial inventory at the stock points:
mean: 300

4. Destination of line: Terminal Mximum cart capacity (max. number of parts per cart):
3. Name of the product of the line X: a 10

Do you want to modify the input abovo?(T or N) No. Current cart capacity (number of pats per cart): 4

station 1
I1 Station id: I Maximum number of carts at demand stock point: 10
2 Type of station: Assembly station
3 Station name: assyl Initial number of carts at demand stock point: 4
( ?art required:

Number of part types required: 2 Maximum number of carts at supply stock point: 10

Name of part: b Initial number of carts at supply stock point: 4
Number of part: 3 5 Vehicle used to move carts between stock points:

Name of part: c Name: trucki
Number of part: 2 Time:

(5) Time: Tins:

Distribution: Normal Distribution: Uniform
Mean: 300 minimumn I

Saximum: 12
Standard deviation: 10 6. Source-where the part is made:

Do you waant to modify the input above?(T or N) No. (1) Manufacturing cell: mcl
7. Items required to make the part:

station 2 Number of item types required: I

2 Type of station: Task station Name of item: i
IIStation Id nNm fIe:satriao 

tak2 a.go umber of items 2
Time: S. Set up time for each cart:

Distribution: Normal Distribution: Constant
Man: 300 Constant: 0Standard deviation: 10 9.Time to make a part:Distribution: Normal

Do you want to modify the input abovel(T or N) No. Mean: 30
Standard deviation: 3

1 Station id: 3 Do you want to modify the input above?(T or N) No.

(2) Type of station: Assembly station ?art D
3 Station name: asay3 1. Part-id 4
) Part required: 2. Par-n: P

Number of part types required: 1 2 lartunsmh A_D3. Supply-systan: Push

Name of part: d 4. Capacity and initial inventory at the stock points:
Number of part: 4

(5) Time: Maximum number of parts at stock point: 2000
Distribution: Normal
Dean: 300 Initial number of parts at stock point: 64

Standard deviation: 10 Do you want to modify the input ebovet(T or I) No.

Do you want to modify the input above(Y or 9) No. Part L

station 4 1. Part-id: 12
Istation id: A 2. Part-name: PA..!
2)ype o station: Inspction station 3. Supply-system: Pull from an outside source

Station name: InspA 4. Capacity and Initial inventory at the stock points:
Name 0f the inspection station substation: inspector
Naw1 of. repair station substation: inspector Masimm number of parts at stock point: 10000
NaWo of the place for scrap parts: scrap4
Tim for inspection: Initial number of parts at stock point: 10000
Distribution: Normal
mea: 50
Standard deviation: 5

(8) Time for repair:
Distribution: Normal
mean: 400
Standard deviation: 10

SInspection rate (between 0 and I ): 1
oject (repair) rate (between 0 an" 1): .2
scrap rate (between 0 and 1): .5

Do you went to modify the input above?(T or N) No.
End of line x
Any more line to create? (T or N) Tes.

Figure 3. Partial AMPS Interactive user interface dialogue
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3.0 SYSTEM OVERVIEW

i Floue iis an overview of the AMPS system. Once the user has scoped the problem domain,
the u r sit, at the Symbollcs 3620 and responds to the questions from the Interface program. Based
on tho rospcnses, the interface program creates an internal problem specification file. This file

inclu'es the manufacturing process network flow and the attributes for all the stations, cells and

stock point ,'. For example, some of these attributes are names; mean times and distributions; inven-
tory levels and control strategies; inspection, failure and reject levels; and manufacturing con-

ditions.

The problem specification file is then used as input to the automatic code generator

program. Once the user has completed the interactive dialogue and has defined the manufacturing
process, the automatic code generator generates the simulation program in the target language
GPSS/PC. The output of the code generator is a GPSS program file which is then downloaded to an IBM

PC class machine.

The GPSS/PC system is resident on the PC. The user then adds the experiment frame, such

as the run statements, and the GPSS simulation program is executed. The output file is stored on a
diskette or printed on the PC. To change the GPSS model, the user returns to the Symbolics 3620 and
recalls the problem specification. The user interface then provides the user with a number of

options to change or modify the problem specification. The code generator will then rewrite the

GPSS program.

The ArS system has been successfully ported to the Texas Instruments Explorer. However,

some of the LISP statements are different between the machines. Therefore, several changes were
made to the code before executing the AMPS system on the Explorer.

Probl1em

ur 
4

Interce 5.eflcatlo yse eter

457 
Ue dfn

Possile$lmul ton

modifications ,:1 I

Figure 5. AMPS system overview



4.0 CONCLUSIONS

In summary, the Automatic Manufacturing Programing System (AMPS) is a fully operational
system. The system is capable of modeling a variety of manufacturing problems provided the problems
domain can be represented by the existing five manufacturing functions of assembly, fabrication,
inspection, inventory transfer and a simple operation. The GPSS macros that have been written for

these manufacturing functions are both the strength and weaknesses of AMPS. The strength is that
with these macros the automatic GPSS code generation is a relatively straightforward task. The r

weakness is the robustness of these macros to adequately represent the domain of manufacturing func-
tions. It is anticipated that many additional macros will eventually need development.

The system has been used to model several manufacturing processes and has modeled these
processes quickly and accurately. The basic AMPS system structure has been used to model a 27 sta-
tion manufacturing cell that makes four different part types with each part type requiring 47, 31,
22 and 22 operations respectively (Schroer 1988). The manufacturing cell was sufficiently different
to exclude the interactive user interface and the automatic code generator. However, the concept of
the library of macros was used for writing GPSS macros and for defining and inputing the station
attributes. A benefit resulting from the use of the AMPS system is a very structured GPSS simula-
tion code format that is easy to read and trace, not only by the modeler, but also by other team
members. Also, the GPSS code generated by AMPS ran the first time with no syntax errors.
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Algorithm for Display of Automated
Nondestructive Thickness Measurements

Jeroen van der Zijp
Applied Optics Center
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ABSTRACT

Automating the manufacturing processes in any environment, whether its a
complex aerospace structure or a simple mechanical part, requires defining normal
human judgments such that computer-based processing can perform the same
function. In automating robotics installations, there is a need for defining
contours which are representative of some physical feature of the object of
interest. Ordinarily these operations are considered in terms of machine vision
operations. The work presented here demonstrates the use of such technology for
defining thickness measurements obtained through robotic ultrasonic scanning of
aerospace components.

(PAPER NOT SUBI41TTED FOR PUBLICATION)
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A PLANNER FOR THREAT ASSESSMENT AND RESPONSE
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ABSTACT

This paper reports on a concept for an automatic planning system
to coordinate assets for the self-protection of a combat aircraft.
The planner will adapt to dynamic and uncertain mission situations by
assembling response plans in a hierarchical fashion. Long-term plans
are sketched in general terms using default estimates of performance.
More specific plans are assembled incrementally as needed, by acti-
vating lower-level planners.

1. THREAT AZSESSMENT/RES ,E SYSTEM ARCHITECTURE

The Planner discussed in this paper is an element of a conceptual Threat
Assessment/Response system described in (15,16). That system is being developed
as an independent research effort in response to a generic need to integrate situ-
ation assessment, plenning and control functions in tactical aircraft.

Key challenges in managing an aircraft's self-protection in combat are to
develop automatic, real-time techniques which will (a) plan the assignments of
sensors, countermeasures and evasive/avoidanoe maneuvers, given the uncertainties
in threat assessments and in response effectiveness; (b) permit graceful reoov-
ery/replannning as new information becomes available; (c) schedule actions within
time constraints for effective results; (d) coordinate the use of sensors to
reduce uncertainties as requtired for response planning and cueing; and (e) resolve
contlicting demands on assets in the interest of global utility.

Throat assessment functions (a) estimate threat identity, lethality and intent
on the basis of available sensor and intelligence data and (b) predict the time to
oritical events in threat engagements (e.g. target acquisition, tracking, weapon
laqlnoh, impaot),

Eeziponse management functions develop :,Nd implement defensive plans of action
by (a) seleocting candidate responses to reported threat situations; (b) estimating
the effects of candidate actions on survival; and (c) coordinating the assignment
o* sensors, weapons and oountermeasures with the flight plan.

2. UVY t.TLITY. RELAT1ONSIU _ LI "EPOq LAN" N

Payoff and cost functions in the present application are defined !n terms of
m.p;act. on thN t.v!%vAl of the aircraft. and n the attainment of mission objec-
tives. Wz ermploy a turvivability model basel on that used by JTCG/AS, in which
surviv*bility factors are related to force-leve3 measures of mission effettiveness
[43. In particulor, we identify payoff and cost 'actors in an offensive mission
(eg. air strilte, offensive sweep. defense sup, ujssion) as measures of mission
attainment survivability (MAS), by means of the following definitional hierarchy.



2.1. Encounter sur¥1vabi-i-ty

The likelihood of the aircraft surviving an encounter with a given threat sys-
tem is given by

Pa/e = l-Ptue+Ptee(l-P8Ok)m;

where

Peak = Probability of single shot kill;

Ptse = Probability of engagement by a threat system;
= Pdetect - Pas-ignldetect - Ptracklassign;

m = Number of shots fired at aircraft by threat.

2.2. Sortie survivability

The likelihood of the aircraft surviving the mission is defined as a function
of encounter survivability:

Ps/a wexp[-ZDE(I-Pa/e )];
n n

where

ZDE = Zone density effectiveness; i.e. thG probability of the aircraft's
entering the lethal zone of a counter-air threat system.

2.3. Mission attainment survivability

Mission attainment survivability relates the above survivability factcrs to the
attainment of force-level mission objectives; i.e. the destruction of intended
targets:

HAS = 1I -(l-ai.,)li~,o(Go/So)3;

where

Pik. = Probability of kill of threat target by aircraft per sortie;

Go = Threat force size to be destroyed (mission objective);

so Own aircraft force size.

In general, the goal of a self-defense system is to maximize Paiu within con-
straints on HAS.

3. ADAPTIVE PL1ANNING

There has been a fair amount of work in developing adaptive planning architec-
tures [1,5,6,8, whereby a rough long-term plan is generated, to be modified and
developed in detail as needed. Such an architecture has the obviouc benefit of
reducing the computational expense of developlna fully detailed long-term plans in
an application in which plans are subject to considerable adaptive revision.

The architecture of an adaptive planner should order the proble solving
actions in a way which improves control decisions.

Such a system sketches out a long-term plan as a sequence of intermediate
goals, incrementally forming detailed sequences of actions to achieve each
intermediate goal as the need for such a decision arises. Control decisions are
adaptively refined in such a planner; intermediate goals are ordered such that the
results of early actions are likely to reduce the uncertainty about how to and
whether to pursue later intermediate goals.

As Durfee and Lesser (51 note, these considerations Indicate a planning process
which favors (a) less costly intermediate goals; (b) discriminating intermediate



goals; and (c) common intermediate goals;, postponirig dJeciSionS concerning longer
term goals. Item (c) is an application of Stefik's [1.1] concept of least commit-
ment planning and is key to planning in uncertain environments.

4. HIERARCHICAL IMPLEMENTATILQN

We submit that the desired adaptivity is attain-ble by weans of a hierarchical
planning architecture. In such an implementation, a planner generates and eval-
uates plans In a hierarchichal fashion; iteratively defining sequences of actions
in pursuit of its higher-level goals,

In the self-protection system application, the global goal is that of maximiz-
ing sortie surivability CPs/s) while achieving mission objectives. At each level
in the plan hierarchy, sequences of subgoals are constructed in order to achieve
the goal passed down by the next higher level.

4.1. Planning Hierarclhy

The Planner is conceived as an object-oriented structure, involving a hierarchy
of independent Planning Objects. Each such object is responsible for constructing
and evaluating candidate action sequences in pursuit Of its specific type of goal
as illustrated in Figure 1 (see [10,13,14) on countermeasures modeling).

Although details of the lower planning levels will vary depending upon the
system's type of mission and configuration (and therefore its repertoire of
responses), a self-protect planner for a tactical aircraft will operate In pursuit
of one or another of the following encounter-level goals as defined by the mis-
sion-level planner:

a. Preventing or terminating engagement by a particular threat system; e.g.
avoiding the threat by flight path modification; using countermeasures to deny the
threat target acquisition; o;r using weapons to eliminate the threat.

CONTR0ECNTS
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F, Forcing an engagement nwny froi A cr t''ca' .. ethal) path; e.g. using
TT tooun-e rmoa'urs W'vtawnqrh ,. mid.-c:use to break tracl:or lock or using seeker
countertneasures to brenk neeker lock; o. o s ,:.ng -ora:.nFl evasion and/or off-board
counterrieasurrs to breal termiLat homing.

c. educing the time : n a oritical path, zo ets to reduce the likelihood of a
crItical ttate transition; eg using break-]cck techniques to delay a launch,
reducing, the time availible to the threat tc, achieve a successful launch; delaying
trackins: (reducing the integ-ration time available for the threat's fire control
slution): or delaying launch or terminal hcrning to limit the available part of a
m..sile's kinetic envelope (thereby providinf' maximum advantage for mid-course and
t rminal countermeasures).

A fourth family of Planning Objects pursue inforvation acquisition. These may
be tasked to support resnonse planning at any level. Sensors and associated pro-
cessing functions are allocated so as tc resclve the system's estimate of the cur-
rent wor'.d state or of p-,edicted future states as necessary to improve the confi-
dence in a response decision (see Section 5 lelow).

4.2. M-Asion-Level (Lon-Term Pla ninin

The Planner develop and maintains a schedule of expected events and planned
responses for assuring sortie survivability consistent with MAS. The schedule is
developed based on a current mission flight plan and estimated threat deployment.
A high-level response plan is developed on mission start. Mission-level re--
planning occurs when there is a change in flight plan, on declaration of a new
threat track and on resolution of a threat track location (i.e. when the estimated
location accuracy falls below a reporting threshold).

The Planner develops rough long-term plans efficiently by foregoing appeals to
lower level Planning Objects wherever pcssible; substitutin default values for
the data which would otherwise be returned by lower level planning.

Thti depth of planning employed is controlled based on current need and resource
availability. Default, "canned" plan segments are implemented when either

a. time is not available for more refined planning (e.g. when a critical state
transition is predicted requiring rapid response);

b. all available means of adaptive planning have been exhausted (e.g. at the
bottom of the Planner hierarchy); or

c. the certainty in the default plan's results is sufficient for the particu-
lar goal at hand (e.g. in long-term planning); where predictive certainty is
understood in terms of mass of evidence:

E (pls( )-spt(x))"(tmaz(x)-tmin(x));

x(X

for the set of possible outcomes X.

4.3. Planning Object Ofteation

With each descending level, Planning Objects function as increasingly local
experts. A lower-level planner constructs plans of action in pursuit of local
goals which the higher-level planners have determined its expertise to be applica-
ble.

A higher-level Planning Object will often task several subordinates to propose
candidate plans in pursuit of the same goal. These competing plans become the
resources by which the higher planner in turn composes its plan for achieving its
more general goal.

In this way, the expertise required by any given planner may be limited both in
scope and in depth. Thus, higher-level planners are able to deal abstractly with
the more detailed plans of their subordinates; being concerned only wit) estimated
payoffs and costs, rather than with details of implementation.
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At each level in the Planner hieri- -1y each c.miaePlanning Object dr-velops
and evaluates a sequence of actions in pur';uit of ni goal. handed down by the next
higher planning level. If a nominated level n action is not further decomposable
into yet lower level actions (i.e. it is an atomic action within the Planner
repertoire), the corresponding Planning Object returns an estimate of the action's
ability to achieve the goa~l for which it was- nominated.

Otherwise, the level n Planning Object nominates a sequence of level n+l
actions which, based on previously stored general plans, has an ,a Priori likeli-
hood of achieving the given level n goal [l].

The Planning Object for a candidate action receives (a) a resource budget (e.g.
available time window, jammer or receiver duty factor, transmitter power); (b) the
situation assessment information available for controlling the action; and (c) an
assigned goal. Such a goal might be to avoid the lethal envelope of threat object
z; or to delay launch by object z by at least t seconds; or to break seeker lock
of object z.

Situation assessment information is in the form of sets of conditional event
assertions. In the case of future events, these become event predictions. An
assertion of an event of type x occuring at time t may be stated as

Pr~occ(x,t) :Tr;()

where T is a Boolean combination of statements in the form 'occ~xD,tl)' (cf. [2.
7,171). As an example, Tr may postulate that our system executes a plan: Tr 2
orcc~a). where ot is a sequence of action instances {<ao,to> ," <an,tn>). We
model uncertainty in the tj of events (as distinguished from the likelihood of
their occurence) by construing event likelihood as a time-varying function.

Adapting an Evidential Reasoning formulation of likelihood and a convenient
fiction that probability density functions are rectangular with time, we general-
ize (1) as (2),

T -> , a3tPoc(x,t,p) . tE(tmin,tm&%1 . pE(spt,plsJ; (2)

for some toitminltaa, OWsptlpisil.

That is, if T, then event x will occur within the time interval [tmin,tm~ax)
with a likelihood which Is within the interval [sptplal, where apt and pis are
evidential support and plausibility values per Shafer (11).

tlpon ctiyation, a Planning Objet returns a proposed action nequ.eroA. tfegetler
with an estimate of the likelihood of achieving the given goal it that action
sequence is implemented. Each sequence element contains the followii'a attribu-tes.

a. Resource to be employed;-

b. Time constraints (i.e. time window, technique duration and duty factor as
appicable);

a. Side-effeots (i~e. factors which may conflict with other plan elements)t

(1) aircraft flight path change;
(2) aire-ra1t signature chanM4e;
(3) percent. utilitation of resources;
(4) potential sensor Interference (by spectral band and sector) and per-

cent degradation;

A typical assertion of candidate technique effectiveness might have the formi

occ(cm(h,z),to,l) . type(.-.k) . typcCt.,k) . stat*e(n,si,to) . ).(3)

I.e, technique hi. when applied againnt a system z of type k in 8tato st ha,- an
80-100% likelihood of resulting in a transition to state s2 within 5-8 seconds.



a novnl a- ed l'oe 1 n M]anning tubler: ocinyE ,cn rint, PI-opallat:Lon procedure
(de Aorlbqid In S,- ticsn 7) to 'v'emI. an .ct I Cn e'*oqi e wh.ch, gi-en the a\'eilable

rescr e'.'ud iom~ 1~nc~t t e ~ Y' . :. - and:Ld& es , willi approach
itan owiloa

'f' rrint.ion a 'quiI.1t iof ac t .enn ir.!y be, ~d'.y' P:.annng Ob jocts at any
loe.; whenever that object drternl a ,'ra tKovo i23 Insuff~icient resolution in
the ;y!3tfm'n world model. to rredio'; the reci;Lts of I's candidate actions with the
conf..dence demanded by -!hef tnA1zing Planning C'bj ct. There have been :3everal con-
cept!; rel'ortfid i~i the Ikterature 11or iritegr~qting' ii-:!,;'rmation collection actions
into pl anr ring [ 3 6,,!, 14. Evaluat:,.ng Ln-formatic-n :iu:LusitLon plans requires
determ'-inrg the conl.rsibution which a ghl.ren Lnfo rraic n element makes t1o the
respornse decision p-rocess in ai parlti:u:.ar c I r:.nistanc'e and on the conditional
utility of each rezavonso deci:3i.on w/.3i2.atl L-n tha-t -ircumatance 1:141.

Gonnerily speaking, 3enoor.7 are3 sss..gref ir pur!,,it of one or another of the
follow-in& four goals:

a. To acquire new informat-.n w .'.ch ma Y r-equl:r- generation of a new plan seg-
ment Ce. r. searching f~or noew threaw;.n or' for- ;~r.t iLpated weapon Launch);

b To resolve the deninic.n of !3e.ec-zlng rmorg randldata plan segments; the
goal. being to reduce the uncertain;y in the ne- payoff associated with candidate
plan segments (e.g. determinat:.on of thrteat. ty:?e arii state);

c To monito-I plan execution :?or infcorratior which might warrant plan revision;
e.g. monitoring countermeasure effectiveriess for possible selection of alterna-
tive techniques (such as using terminal counterrneaS'Are:3 if midcourse pull-off
techniquet are likely to be unsuccessful,; and

d. To feedback technique ei'fecciveneEts data Tor adapting countermeasure timing
and control (e.g. in phenomenological or "surgical" countermeasures). Only some
typos of situation assessment hypotheses warrent continuous monitoring. Those
asserting states having some persis.tence need :anly be -verified at the time of
establishmnent and at the time of usie [3J.

6. EL1AJ UALi2H

Candidate plan segments are evaluated based on their estimated net impact on
sortie and mission attaLnment survivabilty,

Table 1 lists the goals of various encounter- level action plans In terms of

Table 1. Survivability. Effects of Planned Actions

MAS COST FACTOR
ENCOUNTER-LEVEL

ACTION/GOAL ZDE Pt a em PasIC 1 - Plc/M

Avoid Lethal Envelope -

Deny Acquisition

Destroy Threat-

TTCM (pre-launch) - I
TTCM (mid-course)

Skr CM (mid-course)

Terminal CM
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their intended impact on mission survvability factors. For sake of consistency,
we have presented such effects as negative impacts on various cost factors of MAS.
Individual lower-level techniques for implementing such action plans will have
functional specifications in the corresponding table locations, allowing quantifi-
cation of technique effectiveness in specific situations.

Table 2 shows various side-effects characteristic of response techniques;
Resulting impact on MAS cost factors are given in Table 3. Secondary or occa-
sional factors are noted parenthetically [13,141.

Table 2. Side Effects of Planned Actions

ACTION SIDE EFFECT

Flight Asset Sensor
ENCOUNTER-LEVEL Path Signature Utili- Resource Inter-
ACTION/GOAL Change Increase zation Depletion ference

Avoid Lethal Envelope X MX X

Deny Acquisition X X X

Destroy Threat MX X

TTCM (pre-launch) X X (X

TTCH (mid-course) X MX

Skr CM (mid-course) X X MX

Terminal CM X X X X MX

Table 3. Side Effect Ivwaots on Survivability Factors

HAS COST FACTOR
ACTION

SIDE EFFECT WDE Pt ve MPost 1 - P

Flight Patti Change t±

Signature Increaae + 1

Asset Uti3lization

a. P're-launch CH

b. Post-launch CM +.

Resource Depletion

a. Expendable CH +.

b. Munitions/Fual +

Sensor Interference M+ M. + 4 e



7. PLAN ASSEMBLY

Each Planning Object assembles composite plans by selecting and adapting candi-
date plans provided by its subordinate Planning Objects.

In assembling a composite plan, a given level n Planning Object first orders
the selected level n+l plans on the basis of stringency of time constraints; so
that more flexible plans can be fit around those with very specific time windows
for effective implementation. Given this ordering, a candidate composite schedule
is generated; each succeeding plan candidate being fit into available time periods
left by the already scheduled candidates.

This process recognizes that timing is more critical for some resource assign-
ments than for others. Certain electronic countermeasures techniques have strin-
gent requirements for time duration, duty factor and repetition cycle in order to
be effective. Some measurement and countermeasure techniques are most effective
if synchronized with the target phenomena. Other measurement techniques have only
general requirements for update rates.

If conflicts - i.e. contentions for asset assignments - arise among the lower
level candidate plans, the following procedures are invoked to achieve an inter-
nally consistent plan which approaches the composite goal:

a. slide candidate actions within their respective time windows, to allow the
remaining candidates to be "shoe-horned" in;

b. beginning with candidates with least net payoff, reactivate the correspond-
ing lower-level Planning Object for a different (and, in general, locally less
effective) candidate plan;

c. beginning with candidates with the least net payoff, suppress candidate
plans a at a time from the proposed plan set' where a = 1,2,---,H, for the M
candidate plans.
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ABSTRACT

During the 1990s, automated (robotic) vehicles will take over the labor-
intensive and hazardous tasks vehicles are asked to accomplish. The U.S.
military has already designated up to 40 vehicle missions to be accomplished
by automated vehicles, in addition to the military, industry is also looking
for automated vehicles to perform automated-movement tasks. Thus the need
has clearly been established and new contracts for these vehicles are
continually being awarded.

Vehicles designed to perform these tasks must have a global route planner
that chooses the route the vehicles are to traverse. Also aboard the
vehicles there must be a navigation system that confirms that the vehicles
ate following the desired route. While the military applications of this
technology are generally off-road, the over-all objective is to gradually
move this technology to the civilian arena for the guidance of automobiles
and trucks on the nation's highways.

In addition to the topics identified above, this paper will also describe the
data base inputs required by the global route planner, the difficulties
associated with moving from off-road to on-road operation, and the
requirements on the navigation system.

INTRODUCTION/SUiMARY

The next decade will see the introduction of many more robotic/automatic

features into automobiles and military vehicles of all kinds. One such

feature is a route planner. Since the need and the desire exist, there can

be little doubt that this capability will be added to the design of future

vehicles. The addition of these systems will make automobile driving,

especially long distance driving, more enjoyable and probably safer. As a

former chief engineer from Ford, Jerome Revard, once said, 'Driving from
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Detroit to Florida really isn't all that much fun.

This paper describes the need for a route planner, the general

requirements for the route planner (including the data base requirements),

the difficulties and the advantages associated with moving off-road operation

to on-road operation and the advantages, the driver-machine interface and the

navigation system requirements (including a summary of potential candidates).

What is envisioned for the 19908 are robotic vehicles that are

controlled through teleoperated systems or are completely automatic. The

first of these subsystems is already offered as an option on today's

automobilesi we know it as "cruise control.'

ROUTE PLANNER/PATH PLANNER

This paper is about a route planner, not a path planner. The

distinction between the two is important since they perform different

functions and therefore have different requirements. The route planner,

sometimes referred to as a global route planner, plans routes for the

vehicles out to the vehicles' destination or a designatable vaypoiut or

checkpoint, e.g. 10 kilometers. This distance could be a fraction of a much

larger trip, say 1,000 kilometers or 10,000 kilometers. On the other hand, a

path planner is used to plan paths in the immediate vicinity of the vehicle,

and has a path planning capability of 3 meters to 50 meters (9 feet to 150

feet). As the vehicle moves, this planning area proceeds with the vehicle,

in front of it. The path planner works in conjunction vith a local obstacle

detector in determining which way the vehicle should go in this limited area.

The local obstacle detector locates and identifie- the obstacle, and the path

planner, using expert rules, determines vhat path the vehicle should take.

When the vehicle has cleared the rbstacle, the global route planner (not the

path planner) replans the route (aot the path) to take the vehicle to the

desired destination.
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NEE
There are two types of identifiable needs for route planners at this

time, military and civilian, both of which are associated with robotic

vehicles. The military need will be discussed first since it is believed to

be more pressing and immediate.

MILITARY - The military is proceeding quite rapidly in the area of

robotic vehicles, especially in the use of Remotely Piloted Vehicles (RPVs)

by the Air Force and Army and controlled submersibles by the Navy. The Army

is investigating of the use of remotely controlled track and wheeled vehicles

for a large number of mission uses. They have identified, as shown in Table

1, 20 missions where a robotic vehicle could or should be used to increase

the probabilit-- of success, increase the human survivability (although the
vehicle survivability might decrease), and be more cost effective. The Army

has a number of programs in development, including the Autonomous Ground

Vehicle Technology (AGVT), the Robotic Obstacle Breaching Assault Tank

(ROBAT), and the Robotic Command Center (RCC), which will be able to control

TABLE 1

ROBOTIC VEHICLE MILITARY MISSIONS

1.. Reconnaissance - NBC (Nuclear, Biological,and Chemical)
2. Reconnaissance - Visual/IR - Scout
3. Surveillance - Stand Watch - Automated Sentry
4. Mine Laying
5. Mine Clearing - ROBAT
6. Obstacle Clearing
7. Decoys - Thermal
8. Decoys - Audio
9. Smoke Generator
10. Communications Relay
11. Electronic Varfare Jammer
12. Ajiti-Tank
13. Logistics Transporters - Ammunition

- Fuel/POL (Petroleum, Oil, axd Lubricant
- General Cargo

14. Evacuate Wounded
15. Disposing of Unexploded Ordnance
16. Vehicle Recovery Operations
17. Weapons Carriers - Tanks
18. Weapons Carriers - Howitzers
19. Remote Targeting Command Post for Field Arti 'ory
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20. C31 - Command, Control, Communication and Intelligence

up to four robotic slave vehicles. One of the possible solutions to the oft

stated balance of forces problem, i.e., the tanks in Europe, would be through

the use of robotic vehicles.

CIVILIAN - The civilian market for robotic vehicles, and hence robotic

vehicle route planners, is just beginning to emerge. A recent public

announcement by a vehicle development company stated that by 1989 they

intended to be producing 25,000 vehicles per year for the physically

handicapped. The significance of this is that the design of the controls

used for this vehicle would be identical to that used on a robotic vehicle.

For example, the vehicle would be joy-stick controlled with actuators, and

sensors on the fuel control, brakes, and steering. To operate the vehicle

from a remote location, using television, a communication link must be added

and the joy-stick would be placed at the desired remote location.

The creation of a new consortium of the Transportation Departments of

four states (Pennsylvania, Michigan. California, and Texas)and the Federal

DOT is another indicator of the progress of robotic vehicle design. This

consortium has been formed to research and define the requirements for the

next generation of highway, which must interface with the next generation of

automobile. In the past the interface between the automobile and the highway

has been the bottom of the tire and the pavement. In the future the

interface will be much more complex, vith a number of sensors and

transmitters being built into the future highways. These will be capable of

interacting with and supplying information to those automobiles that have the

subsystems to utilize the information. On expressways, the sensors could

notify the driver of the up-coming exit and the distance and identification

of the next exit - they could identify and notify drivers that a car going at

a high rate of speed is approaching them from the rear or that a car, going

the wrong way on the expressway, is approaching them. The systems on the

cars could advise the driver if it is safe to change lanes, and could provide

automatic braking when approaching any obstacle. The now-frequent slow downs
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for highway construction (single lane traffic) might be avoided if a driver

is made aware of them. Notning is more frustrating than to be caught,

unsuspecting, in a waiting line after having by-passed an exit where one

might have exited and avoided the wait.

ROUTE PLANNER REQUIREMENTS

The requirements for military and commercial route planners vary

considerably. The military applications will require both on-road and off-

road capability and, in general, the operational area is not as broad as in

the commercial applications. The military area might be 10 kilometers by 20

kilometers. The commercial applications ould be limited to on-road

applications within an area (like a metropolitan city) of 60 kilometers by 60

kilometers. This expanded area for commercial requirements results in

increased memory capacity for the route planner data base. This, however,

can be resolved by providing additional memory on disks.

DATA BASE REQUIREMENTS

Again the data base requirements for the military and commercial

applications vary censiderably. The commercial applications, in their

simplest form, might only require positions and locations of the streets. In

fact, ETAK Corporation already has a system that utilizes this type of data

base. The military systems, because of their off-road operation, must have a

rather large array of data attributes to be useful. These should include

soils, elope, eievation, vegetation, hydrology, linear features (including

transportation lines like roads and railroad lines), cultural features,

vehicle cL.racteristics, enemy threat locations, friendly forces locations,

and battle boundar7 lines. Off-the-road route planning is complicated by the

need to acquirt and evaluate this large amount of detailed data compared to

on-the-road route plannirg. The commercial/civilian market has very little

need for an off-the road route planner.

A whole paper couLd be devoted to the subject of resolution requirements

of the data base attributes. The current DMA (Defense Mapping Agency)
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standard is 100 meters, with 30 meter resolution being obtainable from the
digitization of USGS 1:24,000 paper maps. Resolutions of 5 meters are

obtainable from SPOT(FrencL) and USSR satellite image data. One of the real

challenges in data base cmnstruction and route planner design is the

combining of different attril'ite data bases with their differing resolutions

and different pixel registrations. 4 preferred resolution would be one that
approaches the width of a vehicle, i.e. 3 meters. This would provide the

capability planning a military cross-country route that could go between

trees where the stem spacing was 3 meters or greater. The vehicle would

simply brush aside the branches and go on. Figure 1 shows an actual set of

attributes and the resolutions obtainable for them. As shown not all the

FIGURE 1

Data Base Attributes
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attributes included in the data base can be provided at as high a resolution

as vould be desired. Note that, only in the case of elevation, was 10 meter
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data obtained. Better resolution can be obtained at increased cost.

SYSTEM ARCHITECTURE APPROACH

One of the considerations in designing a route planner is the size of

the area (width, breadth and depth) to be accommodated by the system

architecture. All of these will affect the size of the computer memory and

the executing time. The width and breath will probably be limited by the

system memory. The executing time can be improved by determining the "cost"

for traversing a pixel by utilizing large areas where the area is simple and

uniform and decreasing smaller areas where the area is complex. The

computer will have the ability to make a judgement about the proper size of

the pixel to use.

NAVIGATION SYSTEM REQUIREMENTS

The navigation system on the vehicle must answer the question *'Where am

I?" for the system controller. The system controller will supply the

destination, from which the route planner, will determine the route. Also to

be supplied by the navigation system will be the vehicle he; ng. The

navigation system should also supply the distance to go and the heading of

the next checkpoint. The route planner should divide the route into fairly

straight line segments that can determine the checkpoints. Checkpoints

should be a very visible landmarks that a teleoperator can identify, such as

cross-roads and intersections, bridges, road changes of direction, cultural

features (buildings etc.) and elevation changes (tops of hills or bottoms of

valleys). A current military route planner provides checkpoints at water

crossings and intersections. The accuracy of the navigation system should be

at least 2Z of the distance traveled and be capable of being updated en route

as known locations are reached. The cost of the navigation system should be

no more than $10,000 for the military version and $3,000 for the commercial

version.

Table 2 shows a sample route planner output which is string of UTM

(Universal Transverse Mercator) coordinates for a series of checkpoints that
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the route planner has selected. The navigation and guidance systems must
assure that the vehicle passes through these checkpoints. Other
characteristics of the path are also listed including accuracy, crossings,

direction to the next checkpoint, type of road, and distance to the next

checkpoint.

USE OF EXPERT KNOWLEDGE

Some expert rules have already been generated, such as, *avoid the deep
water, avoid enemy threat areas, stay off steep slopes, and select the best

route for the mission description.' This can be done by changing the cost

values on the individual pixels. As additional testing occurs, improved

expert rules vill surface and can be incorporated into the system design.

Also as more and more personnel work with route planners they will generate

and incorporate improved expert rules.

TABLE 2

Typical Route Planner Output

Site: KNOX UTNZone: 16 Rission 1O: Mv-Cm Date: 5/04/68 Time:16:10:09
Planning Weights -- Trafficabilityt 65 Vulnerability: 5 Detectability: 30

Ckpt E N AcC Cross Dir RdTyp Speed Dist Veget PrSur Thrtat 10 OST c/c

1 602650 4203900 ±50 None. 315 Trail 48- 61 11 2 27 V 00 0 0
2 602800 4203650 ±50 Trail 210 lt0 19- 61 441 1 27 V 00 0 149ft" 1.S 30
3 802400 4203750 !50 Dirt 243 ltdRO 39. 60 1160 1 26 V o0 0 130mc 2.2 60
4 601450 4203400 150 Trail 225 lt RO 46- 61 583 1 26 V 00 0 116W 2.7 60
5 600950 4203200 150 Esvcp 225 ltdRO 49- 61 241 7 26 V on 0 60
6 600650 4203000 _450 None. 160 "ne. 19- 19 100 7 26 V 00 0 0
7 600950 4202900 150 None. 167 Oirt 36- 09 1504 1 26 V (0 0 91v 2.6 48
9 601189 4201361 115 None. 213 None. 17- 20 72 7 26 V 00 0 0
9 601150 4201500 ±50 None. 160 Dirt 38- 56 626 7 26 V 0 0 69W 2.7 15
10 601050 4200900 ±50 Dirt 161 tdRO 4- 61 619 7 26 V 0 0 31

11 601504 4200541 ±15 Stfen 160 tdRO 55- 5? 30 1 26 V 00 0 0
12 601504 4200511 115 Dirt 225 1ltdRO 0- 61 1220 1 26 V 0 0 56
13 602035 4199635 ±50 Dirt 206 ltdRO 54- 55 49 1 26 V 00 0 0
14 602014 4199791 ±1! 1t WAD 135 Dirt 54- 58 42 1 26 V o0 0 60
15 602044 4199761 115 Strm 180 Dirt 29- 58 1919 1 2? V 00 0 58
16 602524 419651 15 ne. 190 NON. 16- 16 105 1 26 V 00 0 60
1 602524 41984, 115
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CONCLUSIONS

Route planners as well as other electronic driver-assist devices will be

incorporated into the design of both military and commercial land vehicles

starting "n the next decade.
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ABSTRACT

A Jeep Cherokee has been modified by Sandia National Laboratories to allow re-mote control
either by toleoperation or through computer generated commands (autonomy). This vehicle
has been used for development of hardware and software and in the demonstration of con-
cepts for computer augmentation of remote controlled vehicles. As part of this activity,
a system has been configured which allows an operator to teleoperate the vehicle from one
location (home base) to another (destination). At the completion of teleoperation, the
operator can instruct the vehicle to return to the starting position, Thle vehicle then
autonomously performs a retro-traverse, reversing the path by which it reached its destin-
at ion.

During teleoporation, operator commands are given through an operator colntrol interface
consisting of a steering whoel, br .ke and throttle pedals, and a video display. Commands
are transmitted to the vehicle and video returned from the vehicle over RF communication
links, Periodic way points are automatically recorded for later use by tho vehicle
system.

Navigation during retro-traverse utilizes dead-reckoning inputs from an odometer, compass
and steering angle potentiometer. Way points (previously identified during teleoperation
of thle vehicle) are linked by short, straight line segotints. Along eachi path segment, tile
control system generates the steering And speed commands necessary to direct thle vehicle
towards thle next way point.,

Rotro-traverso has been demonstrated over open terrain at Sandia N~ational Laboratories.
Path following accuracy and final positional control is a function of dead-rackoning
system limitations and control system design. These limitations are discussed, and an
improved syatela is proposed.

*This work performed at Sandia National Laboratories supported by the US Departmant of
Energy wideor contract number DE-aiCO4-760W789.
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INTRODUCTION

Removing the operator from a land vehicle is desirable for many operational conditions,

particularly those involving a hazardous environment or highly repetitive movements.

Control of the vehicle can be performed either by an operator at a remote location

(teleoperation) or through a computer-driven, autonomous system. A number of systems of

both types have been constructed and tested at Sandia National Laboratories 11,2,3] as

well as at other locations.

The general approach to design has been to develop systems which are either teleoperated

or autonomous. A few attempts have been made to mix these two types of operation. The

most ambitious of these is the Advanced Ground Vehicle Technology program (4,51, supported

by the US Army Tank and Automotive Command (TACOH). In the AGVT demonstration systems, a

vehicle with full teleoperation capabilities is combined with sufficient computational

power to allow autonomous road Zollowing, peth planning, and local obstacle avoidance.

Much of the autonomous capability is drawn from the work of the DARPA Strategic Computing

Program, Autonomous Land Vehicle Project [6,71.

An alternate approach has been developed in the Computer Aided Remote Driving (CARD)

system (8]. In this system, the operator is asked to identify path points from viewing a

three-dimensional video display of the area in front of the vehicle. Given the path

points, a computer system provides commands to the vehicle to execute the indicated path.

This type of operation actively combines the capabilities of the human operator with those

of a digital computer. The operator is removed from the details of vehicle control and

the computer is not required to perform the complex functions of detailed scene analysis,

global path planning, and obstacle avoidance. Operation over selected path oeseants of up

to 40 meters has been demonstrated.

rte systuem developed at Sandia National Laboratories addresses the mix of teleoperation

and autonomy through a mission sequential control transfer. That is, the initial course

planning, maneuv r generation, and obstacle avoidance ere performed through teleoperation.

At the conclusion of a mission, the vehicle autonomously returns to he start location by

reversing the routse already traveled. Since the route hlis been proven to be negotiable

(during teleopoeration) and has been plotted, the requirements placed on the autouoous

navigation system a.o considerably simplified.

VZHICLZ SYSTIA

An American Hotors Corporation (A.4C) Jeep Cherokee was used as the vehicle to be

controlled (91. This vehicle, shown in Figure ", is a four-wheel drive 1980 Jeep

Cherokee. It is equipped with a standard six cylinder engine and autoatic tranamission.

An in-line floor shift was itutalled In place of the column-mounted gear shift, Electric

actuators control the throttle, brake, gear shift, and steering. Actuator control is

through an on-board 68000 microprocessor. Sensors have been installed on the Jeep to

provide feedback on vehicle status. These sensors include actuator positions, vehicle

velocity, distance traveled, inclinomaters (to measure pitch and roll), and vehicle

heading.
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Navigation utilizes three of these sensors; heading, steering position, and odometer.

Heading is read from a flux gate compass mounted on -he top of the Jeep. This compass has

a resolution of 0.2 degree and an accuracy of ±1 degree. Steering position is measured

from the position of the vehicle steering gear tie-rod. A linear potentiometer provides

steering position accurate to ±2 degrees.

The odometer used is a magnetic pulse system mounted on the drive shaft. This device

provides distance traveled to a resolution of 0.3 F:et. Being mounted on the drive shaft,

the odometer effectively averages the distance traveled by both rear wheels. No compensa-

tion is added for wheel slip.

The vehicle control station was adapted from previously existing hardware. It ts a three-

bay rack (shown in Figure 2), with three 25 inch video monitors, a computer CRT, and a

variety of communications and recording systems. An IBM AT is used as the main control

station computer.

Driver input to the vehicle is through a steering wheel, throttle pedal and brake pedal.

These are mounted on a movable column which can be *Ajusted for operator comfort. This

setup has been found to -to relatively efsy to use when driving the Jeep in an off-road

environment,

Primary tutputs from the vehicle are video and digital sensor data. The video is derived

from one of several diiferont systems which can be mounted on the Jeep, Those include a

single fixed mount camera, mult~ple fixed cameras (arranged to provide a panoramic view),

or a steering-slaved .oaaera in which the camera pans with the vehicie steering. In all

.es, a horizontal field-cf-view (for each camera) of approximately 42 degrees is used.

Sensor data, including speed, heading, actuator position, and vehicle pitLch and roll, are

displayed on a CRT mounted in the driving station.

The vehicle and control statlo systems have been configured as a multipurpose test bed

with power, cabling, coumunf-Ation, and multiple mounting points sufficient to support

variety of test requirements The major oxperimentation to date included an extnstive

series of vision system tests 1101 and the work presented here ott rere-traverso.

MNUOL SOFTVWAI

7Thre are two major softuare systems used in controlling the jeep. 1The first resides on

board the vehicle and is dedicated to local control. This system is an assembly language

program, used by the ca-hoard 68000 proceemor to receive predeftied ASCII commands from

the remote console. It controls the vehicle driving functions and generates output from

vehicle sensor data. Commiication to the remote console is through a digital V modem.

The second software system provides the operator interface, dead reckonitg, atd path-

following algoritus. This system resides in an IBM AT mounted in the remote console.
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Normal vehicle control (teleoperation) reads operator ii, uts from the driving station at

the remote console, converts them to the appropriate command characters, and transmits

them to the Jeep. Data from the Jeep is received, processed, and routed to the display.

In addition to the direct driving commands, a variety of other commands are available to

assist the operator. Single keystrokes (on the control keyboard) are required to center

the steering, null the brake/throttle, or shift gears. In the case of the gearshift, full

brake is automatically applied prior to sending the shift command. An emergency stop

routine is also available.

Dead reckoning combines the inputs from the vehicle-mounted compass and odometer to

generate a vehicle position relative to the starting location. Accuracy over a closed

course averages approximately 4 percent of distance traveled. The present system utilizes

time-sampled sensor readings. No filtering is performed, nor are turn-rate or wheel slip

compensations included. There are currently no provisions for position updating from

external reference inputs. Significant upgrades to this dead- reckoning system are

planned.

Options for autonomous operation of the vehicle include map making, path following, and

retro-traverse. Hap making is accomplished during teleoperation by automatically saving

position and heading data from the vehicle dead-reckoning navigation system at regular

intervals along the path being traversed, Data is saved to disk upon command by the

operator.

When path following or retre-traverse operation is desired, the operator identifies a

specified map file. This file is loaded from disk into an ar ,ay of path way points. If

retro-traverse is to be performed, the order of points is inverted as the data is

retrieved from disk. In addition, the requirement for a 180 degree turn is added as the

first action to be executed, This positions the vehicle at the start of the retro.

traverse path, headed in the correct direction to commence path following.

The path-following algorithm functions to control both vehicle speed and heading.

Inicially, a nominal speed is spt for the vehicle, The path ahead of the vehicle is

searched for turns which are checked for lateral acceleration at that speed. Vehicle

spead is adjusted downward If necessary to keep lateral acceleration below a proselected

maximum value. Speed is reset to the nowinal vilue after the turn is executed.

Vehicle steering commands are calculated through a procedure which references vehicle

heading and position with the desired current path segment heading and position. First,

the difference in heading angle (bearing) Litween the vehicle and the current path sagment

is calculated and used as a steering input to bring the vehicle's heading parallel to the

path. Vehicle position is then referenced to the desired ponition. If the vehicle is

within a preselected minimum distance (dead band), no further perturbation of the steering

is done. If the vehicle is outside of the dead band. the steering anglo is adjusted to

converge the vehicle path and the desired path, This sequence repeats as the vehicle

moves from o1 path segment to the next. Simple proportional control is uaed throughout.
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Future efforts are planned to improve the steering control sysem utilizing a more optimal

control system design.

When the en! of the path is sighted, the vehicle is decelerated to stop at or just before

it reaches the end cf the path.

EXPERIMENTATION

The Jeep has been teleoperated over a course previously used for vehicle mobility testing.

This course consists of sections of improved dirt road intermixed with unimproved terrain.

Figure 3 illustrates one off-road section. Three short sections of this course (each

approximately 200 feet in length) have been used for retro-traverse testing. These

sections met three criteria. First, a selection of straight and gently curved travel

could be tested. Second, the terrain is open and fairly smooth. This minimizes errors in

dead reckoning from wheel slip, vehicle tilt, etc. Third, on these course sections,

vehicle positioning does not require extreme precision. There are no obstacles located in

the immediate vicinity of the course so dead-reckoning system drift will not drive the

vehicle into a hazardous position.

During the experimentation, each course segment was driven with the Jeep being controlled

through teleoperation. Path data was stored immediately following each traverse. The

vehicle was then manually positioned at the start of the course segment (for path follow-

ing) or at the end of the segment (for retro-traverse). The autonomous software was

engaged and the vehicle was allowed to follow the path under computer control. Multiple

tests were conducted using the same recorded course segment data.

FESULTS AND DISCUSSION

The Jeep was able to successfully perform path following and retro-travorse operation over

the 200 foot course segments shown in Figure 4. Twenty separate tests were performed. At

the end of each test, the vehicle was within 10 foot of the desired end point.

Final position error can be divided into two coaponents, dead- reckoning system drift and

position control error. Dead-reckoniog system drift cuntributes a lov frequeney error as

the vehicle-estimated position slowly deviates fvom the true position. For the present

system, drift is approximately 4 percent of distance traveled. Over the 200 foot course.

errors in the rante of 8 feet ,,,uld be expected. Drift can be reduced through improved

instrumentation and data processing but catnuL be elimintated, Periodic updating is

necessary to reset the dead-reckoning position to prevent rtoso errors from growing with-

out bound. The present system does not have an update capability so operational range is

currently very limited.

Position control error results in a high frequency error (compared to dnad-reckoning

system drift) centered around the noinal path determined by the dead-reckoning system.

Iiiis error is a function of the specific control system implementation, the capabilities

of the Jeep actuators, and the effect of terrain on the Jeep path. For a well-designed

control system, there should be no long term error accumulation, and the deviation from

the nominal path should be small. The present implementation is a simple proportional
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control which, when coupled with the electric actilators on the vehicle, results in under-

damped performance as shown in Figure 5. Thr, average error (from the path determined by

the dead-reckoning system) was less than 2 feet ove: the testing reported here. Improved

actuators and a tighter control system are planned improvements.

This data graphically demonstrates the limitations of relying totally on navigation by

dead reckoning. As the path gets longer, the vehicle positional error grows. The allow-

able error limits are a function of the terrain and mission. For example, if part of the

route requires road following, only a very limited cross-range deviation can be allowed.

Dead reckoning, by itself, cannot provide this accuracy over any appreciable distance. A

number of different schemes for position updating are presently available. Examples

include a variety of satellite position fixing systems, ground emplaced beacons, and

active landmark identification. The appropriate update mechanism for retro-traverse is

very dependent on the vehicle mission and operating environment and will be the subject of

future work at Sandia National Laboratories.

The system, as configured for these tests, requires the use of the computer in the control

station. This setup was developed to allow ease of programming and concurrent work on the

control station and vehicle. It does, however, result in a need for constant communica-

tion between the Jeep and the control station. A future enhancement to the system will be

to move the computations done on this computer to the vehicle. Transferring the storage

of way point data, calculation of driving commands, and monitoring vehicle position to the

vehicle will allow implementation of an automatic homing capability in the event of signal

loss. This would be a desirable feature for many applications, since, in the event of

communications loss, the vehicle would be able to return to the general vicinity of the

start point for recovery and reuse.

There is no restriction on the relationship betwaen start and end points in this imple-

mentation of retro-traverse. It is therefore possible to apply this system to autonomous

operation on a closed course. After teleoporatntC the vehicle over the courte, the retro-

traverse could he engaged to provide autonomous travel around the loop. The dead-reckon-

ing system would require periodic updating to maintain positional accuracy.

Obstacle detection is nec required in the demonstrated route following because the planned

route is assumed to be clear. This assumption is made because the vehicla traversed the

route immediately prior to the retro-traverse operation. This may not be valid if the

enviromaent contains potential obstacles which ate mobile (other vehicles, anir, g, otc.)

if considerable time has elapsed since the first traverse, or if environmental conditions

have changed. Further, if the route has significant roughness very near the route of

travel or requires positional accuracy beyond the limits of the dead-reckoning system,

obsta lea may be encountered. It is most likely that some or all of those factors may be

preset in real applications. A local obstacle detection and avoidance system will there-

fore %e required.
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Figure 2. Teleoperation Control Station

Figure 3. Test Course Terr~al
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Dynamic Planning for Smart Weapons

Stanley J. Larimer and Richard A. Luhrs
Martin Marietta Corporation

Denver, Colorado

ABSTRACT

Under the sponsorship of DARPA and the U.S. Army, Martin Marietta is
developing a demonstation of the avionics suite for a fully autonomous unmanned
aircraft capable of seeking out and destroying hidden mobile targets deep behind
enemy lines. This avionics suite has two major subsystems including perception
and planning. The perception subsystem is responsible for recognizing targets
and their possible hiding places during low-altitude flight using a combination
of FLIR and millimeter-wave radar. The planning subsystem is responsible for
maneuvering the vehicle so that as many perceived hiding places as possible can
be examined in detail.

This paper focuses on the planning system and describes how it allows the
vehicle to react swiftly and intelligently to percieved tarjets, clues, threats
and obstacles in an every-chang ng dynamic environment. Special emphasis is
placed upon how artificial intelligence technology and knowledge-based planning
tecniques are being made compatible with real-time requirements.

The paper begins with a brief overview of the Smart Weapons concept of
operations and its avionics suite. It then focuses in on the planning subsystem
and its major components including mission management, dynamic planning, plan
monitoring and plan execution. The functional design of each of these components
is described in detail with emphasis on how they are being implemented in
hardware and software for maximum real time performance. Finally, a detailed
scenario is presented showing how the planning system responds during the fifteen
seconds Immediately following the discovery of a potential target.

(PAPER NOT SUBMITTED FOR PUBLICATION)
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ABSTRACT

This paper describes knowledge representation schemes used :n the
Prototype Global Route Planner Project. The ultimate objective is to develop a
military robotic vehicle route planner for missions covering several to tens of
kilometers. The planner being developed uses a terrain database, vehicle data,
and threat data,-coupled with trafficability, vulnerabillty, and mission
objective models.

The paper describes current efforts in vehicle mobility modelling and
terrain data representation. Direct correlation between %vehicle mobility
characteristics and available terrain data is required for accurate mobility
prediction. A combined approach using the Cross-country Movement (CCM) model
of DNA and expert derived 1nowledge represented in an object-based Al model is
explained. Likewise, vtnegb.4ilty of a potential route is assessed during the
planning activity using basic threat algorithms combined with expert-derived
knowledge represented in an object-based Al model. Trafficability and
vulnerability considerations are weighted appropriately by the mission
objective models, also derived through expert consultation. Finally, problems
encountered with current terrain databases, mobility models, and representation
schemes are discussed.

1.0 Introduction

The Prototype Global Route Planner (PGRP) was developed to provide un
automated method of planning cross-country routes on the order of 10 km long.
The planned routes will supplied to an autonomous robotic vehicle in the form
of direction and speed commands. From this information, the autonomous robotic
vehicle would rely n an internal navigation system and route following sensors
to negotiate the complete route. Although there are no firm requirements as
such, the PGRP could eventually work in conjunction with vehicles such as the
Autonomous Ground Vehicle Technology (AGVT) vehicles, the Autonomous Land
Vehicle (ALV), and the Robotic Command Canter (RCC).

The PGRP is required to demonstate path planning over a variety of
terrains and using a variety of mission objectives and vehic.es. Specifically.
PGRP is to be demonstrated at Ft. Knox, KW and Camp Grayling, MI in field tests
using an H113 and a HHWtV. Hission scenarios and threat types associated with
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four missions (reconnaissance, vehicle recovery, wounded recovery, and movement
to contact), are to be planned and demonstrated. The system is to use terrain
data of resolutions expected to be operational through the 1990's (100 meter to
10 meter).

2.0 Description of the PGRP System

The PGRP system architecture is shown in figure 1. The terrain database
is a complete description of the aspects of the terrain that are important in
the assessment of trafficability and vulnerability. The terrain database is
not an existing product of any one government or private agency, but is rather
a combination of many existing terrain databases as well as digitized data
from existing maps. The development of the PGRP terrain database and efforts
by DOD towards a singular database are not the subject of this paper.

DATAM

II

ANC MUMC'~gT COMMUPA-
U,)OM CEATO

, ,,,MIN YnEW (o11"

Figure it Prototype Global Route Planner Syetem Architecture

The PGRP terrain database has been organized in a cellular hierarchical
fashion. Three layers of resolution are used in the database, approximately 10
meters, 30 meters, and 100 meters. Although this results in storage overhead,
there is an overall run-time efficiency gained by allowing the planner to focus
at the important level. (For instance, a set of detailed street maps should
not be used to find your way from New York to Los Angelee, an interstate
highway &=p provides the essential information vithout additional confusing
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details).

The vehicle model contains those characteristics important to route
planning in a generic model. Also, the specific values to vehicle
characteristics are included for the M113 and the HMHWV, with provision for any
tracked or wheeled vehicle. This information is provided to the trafficability
model and the vulnerability/detectability model at planning time. Likewise,
threat types and locations are inserted into the threat model to provide
specific information to the vulnerability/detectability model.

The knowledge based cost generator consists of the equations and knowledge
embedded in the trafficability, vulnerability/detectability, and mission
models. These models provide the basis for determining the time it will take
to cross a given cell and the probability of being detected and hit by the
enemy when in that cell.

The path generator works in conjunction with the knowledge based cost
generator to find the optimal path through the series of cells. It also
determines which level of the database needs to be used in evaluating a section
of terrain. A modified A* search algorithm is used to find the best route
consistent with the mission. Finally, the planned route is smoothed and
described through a series of "way-points' for display to the user or automatic
communication to an autonomous robotic vehicle.

The system is implemented on a Symbolics 3620 machine, with color display
routed to an IBM AT. Symbolics Common LISP is the development environment.
Extensive use of "flavors" is made to keep the models as generic as possible
and make use of inheritance facilities.

21l wledge Representation Develo ment History

A process similar to the expert system knowledge engineeing process was
applied to obtain the representations used in PGRP. First, algorithmic
approaches to satisfying the various requirements were investigated. Existing
terrain data products, mobility models and threat models were surveyed for
their interrelationships and capabilities. Terrain databases from Defense
Happing Agency, USGS. ETL, WES, Landsat and SPOT were surveyed. There were
specialized terrain databases for use with some mobility models, but there were
no completely integrated terrain databases and mobility models which satisfied
our requirements for cross-country and on-road speed prediction. Likewise,
threat models were not integrated with standard terrain data bases.

In parallel with the model and database survey, informal discussions were
held with military personnel responsible for cross country movement planning
and military field manuals were reviewed for general techniques, doctrine, and
terminology. From these activities, important terms, concepts, and their
relationships were grouped and diagramed into a skeleton model of the
knowledge, models, and data required for route planning.

Detailed interviews were then held with military cavalry scouts stationed
at Ft. Knox, KY with two goals in mind: 1) confirm and enhance the existing
skeleton model, and 2) acquire data and knowledge to fill gaps in existing
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models. The interview process consisted of three major parts: 1) a detailed
questionaire which asked the scouts to assess elements of cover, concealment,
mission, terrain, mobility, and overall risk, 2) sample route planning sessions
which asked scouts to plan routes through the Ft. Knox range areas given sample
operational orders to four different missions and describe their chosen routes
and reasons for choosing a particular route, and 3) a general questioning
session in which general strategies, techniques, and concepts were discussed
and understood.

After the interviews, filtering was done on thp data and techniques for
isolating general trends and relationships were appd. The basic skeleton
model was confirmed and some ad hoc models were also formed to fill gaps
between existing models and required information. The sample mission and
routes generated by the military scouts were used as a test for the PGRP.
Missions were planned and system parameters were adjusted to provide realistic
behavior. The computer planned routes still differed from manually planned
routes. The final comparison of manually planned routes and routes generated
by PGRP will be made through a field exercise. Trained observers will be
situated at each threat location. The manually planned routes and computer
generated routes will be driven and assessed based on trafficability issues of
speed, ride roughness, and ease of navigation and vulnerability issues of cover
and ccncealment.

3.0 Description of the Kttowledpe.Based Coat Generator

3.1 Top level cpncets

Military scouts use aln acronym to summarize th, important factors in
planning routest KETT-T. HETT-T stands for Mission. Enemy Situation, Terrain.
Time, and Troops. For the Global Route Planner, all of these concepts except
*Troops* are important as veil. Through thL knowledge elicitation process,
relationships betveen these concepts, as well as other related concepts were
developed.

TOTAL COST

VULNIA61UT-Y OETECTAI 2 IRAPABILIT ELY~j MJSIN TYPE

Figure 2: Total Cost is a Combination of the Computed Attributes
Veighted by Mission Type
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The top level concepts for generating a cost for traversing a cell are
shown in figure 2. Total cost is determined by examing three major areas: the
VULNERABILITY, DETECTABILITY, and TRAFFICABILITY of a given cell. These values
are weighted according to mission types. Answers to the questionaires
established relative weighting values for the three major areas based on the
type of mission. These weighting values can be tweaked by the system operator.
A future enhancement planned for the system is to allow the user to change the
weighting values graphically through the mouse interface.

3.2 Trafficability Assessment

Three existing mobility models were surveyed for use in the PGRP. The
NATO Reference Mobility Model (NRMM) is the standard NATO model for predicting
vehicle mobility characteristics. The main purpose of NRMM is to assess
present and potential vehicle designs in specific terrain situations. For a
given vehicle, various speed reduction factors are computed for each aspect of
a terrain patch, such as the soil conditions, vegetation, tree spacing, stem
size, etc. Although this model is the most accurate and comprehensive of those
surveyed, it is large, complex, and runs on specific mainframe hardware using
non-standard FORTRAN.

The Croqs Country Movement (CCX) model is the model used by ETL when
generating cross-country movement planning maps. The model also uses speed
reduction factors for affecting maximum vehicle speeds. The CCM model, has some
field validation, however, the model is not as accurate nor as proven as the
NRMM. This model is easily adaptable for use on a PC. The CCH has been used
in PGRP for making speed predictions for a terrain cell.

A third model surveyed is the Condensed Army obility Model System (CAMMS)
under development by VES. This model is designed specifically for cross
country movement prediction. Again, speed reduction factors are computed for
various terrain conditions. Since the model is a derivative of NRMM, high
accuracy is expected. Experimental versions of the model are running on a PC.
Althougih this model is best suited for PGRP, it has not been released by VES
for general use and s has not been incorporated into PGR7.
Maneuverability knowledge has been based primarily on the ETL general casAe
Cross-Country Movement Model. This model has been slightly augmented to allow
on-road speed prediction and stream crossability assessment.

3,21 Mod4 Aurmentations

The CCM model was augmented to provide predictions of speed for travelling
on roads and trails, crossing streams and rivers, and crossing bridges. Data
for the augmentation was provided from interviews with the military scouts and
review of military field manuals. Scouts were asked to provide the speed used
for various road types and when crossing obstacles for each type of vehicle.
This data was thef used directly in the trafficability model as speed reduction
factors.

Also, the three models surveyed do not adequately predict the effects of
slope on vehicle speed. In the Ft. Knox area, the slope has a large effect on
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vehicle speed. Slope for a terrain cell is both preassigned based on the
general change in elevation of cells within the larger cell for cross-country
movement, and computed on the fly based on the elevations of adjoining cells
for on-road movement. Only actual slope computed on the fly has an effect on
vehicle speed. The average slope for an area is used to change resolution
levels.

3.2.2 Vehicle characteristics

Vehicle information is required by the CCM. Some of the important
characteristics for assessing vehicle trafficability are shown in figure 3.
Data is provided in PGRP to allow path planning for the M113 vehicle and the
HMMWV veh:cle.

3.3 Vulnerability/Detectability Assessment

VULNERABILITY and DETECTABILITY are highly related concepts in the Global
Route Planner. If a vehicle is not detectable, then it is not vulnerable. If
a vehicle is detectable, then it may be vulnerable to a particular threat if it
is range of a weapon. Cover and concealment play a fundamental role in
establishing the vulnerability or detectability of a given cell. The following
concepts are diagramed in figure 4 and explained further belovw COVER,
CONCEALMENT, ENEMY SITUATION, VULNERABILITY, and VEHICLE characteristics
important to vulnerability and detectability assessment.

OFF - ROAD SPEED SN. MW OBAO 0 O ACLE CROSSAPU1Y

... . ,I C6 !i t2 . ..... iiiii" i i iAA

flux tpeed WMdth cws Id. Mwro~
Cmd6Nty *Vh m "paIng KwdvypO

____ao~d~s budge MAp
op trod" C#MGesftW

Figure 3t Relationships of Concepts Used for Trafficability Assessment
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Figure 4: Relationships of Concepts Used for
Vulnerability/Detectability Assessment

3.3.1 Cover and Concealment

Cover and concealment are extremely important to scouts when planning
routes, Proper cover and concealment should have the effect of discounting any
threat, up to 1002.

A "zero-order model" is used for computing COVER and CONCEALMENT due to
terrain masking. This model onsiders only the elevation of the terrain and
ignores effects due to the slope of the terrain. Prior to running the planner,
each threat is evaluated out to it's range lioit. Cells will be masked from
the threat if a higher elevation exists between the cell under evaluation and
the thr-at location. All masked celia arc assigned a cover/concealment index
of 1.0.

Also, all forested areas are evaluated for their cover/concealment
potential during the actual planning. Greater tree density will mean greater
concealment inside a forest. Granted there are veapons being developed and
deployed which seek out the enemy better than before, but we are restricting
our attention to threats from the four defined Ft. Knox missions. The
cover/concealment index is assigned based on the season (for deciduous forests)
and canopy cover, ranging from 0.0 for open ground, to 1.0 for a dense forest.

If a cell has a cover/concealment index of 1.0, then no further
calculation of vulnerability needs to take place for that cell (the cell is
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completely "safe' and vulnerability is set to 0.0).

Calculation of Vulnerability:

If the index is less than 1.0, then the overall vulnerability needs to be
calculated using equation (1).

vulnerability - (1,- (prob. of miss i )) * speed factor - c/c index (1)

Note that vulnerability is a function of speed. A maximum speed based on
trafficability considerations is computed for a cell. This speed is then "sed
to modify vulnerability. This will tend to make the planner find a fast route
for both trafficability and vulnerability considerations. If the vulnerability
number is greater than 1.0, it is set to 1.0. If the number is less -.han zero,
it is set to 0.0.

3.3.2 Enemy Situation

ENEMY SITUATION is based on THREATS. There are STATIC THREAT and DYNAMIC
THREAT types, each with characteristic THREAT SIZE, and THREAT FEATURES
(dependent on size and type). This is further expanded in figure 4.

ENEMY SITUATION is evaluated with each threat concentrated at a point and
the overall size of the threat being a combination of all of the units. The
enemy position is modified from the user input to the highest terrain point in
the local area, where the local area is determined from the force sime.

A probability of hit function is developed for each dynamic threat type.
Data for the hit functions are derived from the interview process and from
references 1 and 2 Bayesian statistics vere used to combine probabilities of
*miss' from more thap one enemy unit, up to platoon and company levels. A
straight line degradation ok hit probability was then assumed and results
extrapolated from 1009 to 0? hit probability with range. The actual hit
probability may not be linear with range, however, actual hit probability
functions can be easily handled by the existing structure of the PORP.
Probability of smiss' was then defined to be (1 - prob. of hit).

The entire process of enemy situation evaluation forms a flattened *cone'
of hit probability for each type of dynamic threat when described as
motorized/amored/scout and squad/platoon/company. This cone is centered about
the location of the threat. The cone has straight sides for a squad threat
function and po:.ynomial sides for platoon and company threat functions. Vhen
influence is felt from more than one threat, the overall probability of mise is

1 United States Army Pield Manual 7-7, The Mechanized Infantry Platoon and
Squad, 9/30/77

2 ~Modem Soviet Combat Tanks," Steven Zaloga, Osprey Publishers, 1984.
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given by the product of the two independent threat functions.

3.3.2.1 Speed Factor

Probability of miss for dynamic threats is also a function of vehicle
speed. This effect has been assumed to be independent in a probabilistic sense
from the effect of range. Thus a probability effect based on speed can be
considered separately from the range effect. For a "stadia rangefinder"
system, an exponential fall-off of a hit coefficient with speed is a reasonable
ad hoc approach. A translation is then made to miss coefficieat vs. speed.
This is a factor between 0 and 1.0. This factor should only be applied for
longer range shots, since speed has little effect on miss probability for short
range shots

3.3.2.2 Static Threats

Static threats are also analyzed by PGRP. These threats include
minefields, and chemicals. StaLic threat boundaries are marked with a line or
polygon. This process forms 'NOGOI regions for static threats. These regions
are automatically rejected by the planner. Recon missions can be handled
through the probability of staying undetected function.

Probability of "detection' (or going "undetected') is assumed to have a
similar function as probability of hit/miss, with a similar method of combining
multiple threats. Although the effects of noise are not yet included, they are
easy to add to the basic function of detectability. The overall detectability
is found using equation (2). Note that the effect of speed has been eliminated
from consideration.

detectability - (1 - (prob. of undetected)) - c/c index (2)

If this number is greater than 1.0, it is set to 1.0. If the number is
less than zero, it is set to 0.0. (Again, if c/c index is 1.0, no further
calculation is required as detectability - 0.0).

4.0 the.Planning Process

At run time, the user sets up the mission information, including vehicle
type, starting point, destination point, waypoints, mission type, and threat
types and locations. The planner first evaluates the terrain surrounding each
threat for terrain masking. Hasked areas are displayed as an overlay to the
map. The A* search algorithm then works with the knowledge-based cost
generator to compute a total cost for crossing the cell under evaluation. The
heuristic used is the time to travel from start to destination in a s'*raight
line at maximum vehicle speed averaged with a weighted cost to get to the
current cell. This heuristic could overestimate the cost, but has shown very
robust performance to date. In the first and Xast 500 meters, the A* ilgorithm
is converted to a complete search so that the optimal path near the starting
and destina~ion points is guaranteed. The planner will move up and down it"
resolution levels to accomodate more detailed information when trying to find
narrow paths through hilly areas (as determined by average elope) or around
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streams.

The total time required for computer-based planning is about 5 minutes,
comparable to the time required by military scouts planning the same missions.

5.0 Problems Encountered

There are no integrated mobility model/terrain database systems available
for cross-country and on-road movement prediction for robotic vehicles. Each
mobility model requires it's own special purpose terrain database organized in
a unique format. Some of the terrain aspects required for accurate movement
prediction, such as tree spacing and stem diameter, are not readily obtainable
from existing data sets or maps so that elaborate mechanisms are required to
extract the information from aerial photographs or terrain reconnaissance.

Since the maximum rated vehicle speed is used, esisting mobility models
tend to overestimate the speed which can be achieved iii a terrain segment.
Also, existing mobility m~dels are not designed with cross-country movement
prediction in mind. Factors which are important for vehicles travelling cross-
country, such as side slope vs. speed relationships, need to be included in
existing models.

Terrain information is not readily available in the required forms for all
areas of interest, either. Terrain data bases tend to be excellent for places
such as Fulda, Vest Germany but non-existent for Camp Grayling, MI. Also,
information such as stream velocities and depths are not usually available (and
are highly seasonal). Terrain data bases with the information required by the
mobility models are needed to test autonomous robotic vehicles in a controlled
yet realistic environment.

Some hope exists that the CAMHS system in conjuction with the Tactical
Terrain Analysis DataBase (TTADB) vill result in a consistent relationship
between mobility modelling and terrain databases. This project is an ongoing
effort by the U.S. Army.

6.0 Conclusions%

A route planner has been developed for robotic vehicles. The planner
supports a variety of mission types for at least two vehicles. Routes are
planned according to methods uoed by military scouts. An object-based
representation scheme using Symbolics Common Lisp has been used effectively to
describe relationships between concepts required for evaluating Hision, Enemy.
Terrain and Time.
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IRIS -- An Intelligent Robot Insertion Expert System

William Teoh
SPARTA, inc.

Huntsville, Alabama 35805

ABSTRACT

Teleoperated manipulators working in an unstructured environment can perform
a variety of tasks. Most maneuvers are, however, similar to the classical peg-
in-the-hole problem in that the manipulator must be put in the proper postion and
orientation prior to completing the task. Typical examples include inserting
parts, connecting couplers and opening drawers. To maneuver the manipulator to
the desirable position and orientation by teleoperation is non-trivial, and
requires considerable operator training. The present work examines the possi-
bility of exploiting AI technology to tackle this problem.

IRIS is a prototype expert system that provides a solution to the peg-in-
the-hole problem. The expert system can successfully "dock" the robot with a
hole in the taskboard, thereby completing the insertion process. IRIS is a rule-
based, data driven, forward chaining expert system. Two sensors are required to
provide input to the system: a vision system that can discern the taskboard and
the hole and a ranging sensor that provides the range information. Preliminary
investigation demonstrated that as long as the taskboard is placed within the
work envelope in some reasonable orientation, the system can complete the mission
successfully. At the time of this writing, collision avoidance is not yet
implemented.

It is felt that when completed such an expert system will find application
in a number of areas, especially when repetitive tasks must be conducted in an
unstructured envi ronment.

(PAPER NOT SUBMITTED FOR PUBLICATION)
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PEDAGOGICAL ISSUES IN DEVELOPING A MAN-MACHINE INTERFACE
FOR AN INTELLIGENT TUTORING SYSTEM

Dr. Willard M. Holmes
MICOM, RD&E Center

AMSMI-RD-SS-AA
PH (205) 876-1048

Redstone Arsenal, AL 35898-5252

ABSTRACT

The use of expert and knowledge based systems have not always met with the success in the
user environment as was promised or expected during the development and operation in the labora-
tory environment. As knowledge based systems expand in complexity and achieve extended operazion
in the user environment, the man-machine interface (MHI) function becomes a major issue in
developing effective and usable systems. In fact the MMI consideration has become the hidden
agenda in the effective application of knowledge based systems.

A case in point is the 1HI needs associated with developing an effective Intelligent Tutoring
System. Reported here are the results of an early research effort on major 141I issues associated
with developing an Intelligent Tutoring System used as an embedded training device. The student
interface or K4I is included as a major sub-element of the tutoring system and is considered an
integral part of the system during develepment and assessment of user needs.

1.0 INTRODUCTION

Research has shown thaL soveral specific factors have contributed to the less titan expected
use and performance of expert systems 4-hen placed in the user environment. A major factor is the
an-achine Interface (101I) associated vith the delivery system. In many instinces the M41 func-

tion was considered only after the basic structure of the expert system has been established and
the methodology for expert operation had been demonstrated. In cases with the most reduced user
acceptance are instance where the W41 function was added on after the major development effort was
completed or an existing Interface was expanded to meet expected user requirement. In short the
"User Friendliness" promised or required for effective operation of the expert system in the user
environment was not delivered.

Te human interface aspecta of knowledge based systems must be given a different emphasis
titan the traditional man-mchine or man-computer human engineering, The interface issue becomes
critically important long before the system begins to make tho transition from the development
enviroment to the user environment. A case in point is a unique requirement in the development
of knowledge based export systems. The present state-of-the-art in knowledge acquisition requires
the knowledge engineer to become intimately familiar with the task and the problem solving
approach of the human expert and the environment of the user of the knowledge based expert system.
This is the first and a critically important interface operation in the expert system development
process. This early operation should serve as a pointer to the uniqueness and iw )rtance of the
man-machine operation In knowledge based systems development and application.
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Te inues surrounding MI in general are complex and too extensive to be treated in detail
in a uingl researih and development effort. The most effective alternative is to restrict the
domain of interest with specified limits on the scope of the interface application. The domain of
interest here to MM. issues associated with knowledge based systems. However, given an
appropriate set of assumptions, the purpose of the system here is "to provide a training function
sufficient for maintaining proficient knowledge and skill levels necessary for operating a speci-
fic systen or process". Operationally, the system must provide sustainment training to maintain
critical skill levels and also Include maintaining knowledge levels about the system operation
requiring the capabilities of an Intelligent Tutoring System.

A distinction is made here between what may be considered traditional MMI characteristics and
the special interface characteristics for knowledge based intelligent tutoring systems. The term
Intelligent-ran-machine-Interface (IMMI) will be used for the latter.

Some research efforts treat the operation of the system behind the interface as a black box
and attributes all the operational characteristics of the system to the interface requirement.
The approach used in the research reported on here is some what different. It is instructive to
provide a ,pecific context for the IMMI operation. The IMMI will operate in a tutoring system
:hat performs the "functional equivalent" of a human tutor. This functional equivalent has been
accomplised in the past with a wide variety of teaching aids, as characterized by early Computer
Aided Insi.ruction (CAI) to the more recent teaching with Intelligent Tutoring Systems.1 ,2

2.0 COMPUTER AIDED INSTRUCTION

Since the earliest introduction of computers into education the emphasis has been that of a
device that interacts directly with the student as opposed to al assistant to the human teacher.
The three general approaches to the use of computers in education include: a free style which
allows the student free use of the machine in areas such as programming; the second instructional
approach uses game and simulations; third, CAI became the bases of student-machine interaction.
The first two educational uses of the computer in education made assumptions that learning problem
solving methods took place as a side issue during student use of the computer. Computer-aided
instruction was a departure from the first two activities in that the computer was used to provide
some control and direction to the learning process.

Through out the early use of computers in education the emphasis was on programs and computer
operation with minimum attention focused on the student-machine interface needs and requirements.
While the goal of CAI is to build instructional programs that incorporate well prepared subject
material, much of the early CAI operation were drill and practice monitors with pre-stored
answers.

3.0 INTELLIGENT TUTORING SYSTEM

The major sub-elements associated with a functional equivalent of a human tutor or an
intelligent tutoring system are shown in Figure 1. The scenario generator (Module A) generates a
task or scenario that is presented to the student operator (Module B) through the MHN (Module H).
Concurrently the scenario is presented to the expert in the expert solutions module (Module C).
The choices and related actions of the student in response to the scenario is transmitted to the
compare solutions module (Module D) via the interface. The appropriate action taken by the expert
is compared with the student action in the compare module. The differences between the
appropriate action genarated by the expert and the student action is generated in the compare
module and transmitted to the deficiencies module (Module F).

A model of the student's deficiencies associated with the present scenario operation is
generated in the deficiencies model module (Module F). Elements of the deficiencies model is
transmitted to the student model for developing particular knowledge about the individual student
and a history of the student's performance. In addition, information generated by the deficien-
cies model is transmitted to the tutoring strategy module (Module G). With information about
deficiencies in performance on the present scenario and background and history of the student's
performing from the student model, an appropriate strategy for the student is generated by the
tutoring strategy module (Module G).

1 Kears, Greg (ED), Artificial Intelligence & Instruction, Application and Methods, Addison-Wesley
Publishing Company, Reading, Mass., 1987.

2 Wenger, Etienne, Artificial Intelligence and Tutoring Systems, Morgan Kaufman Publishing
Company, reading, Mass., 1987.
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An appropriate tutoring strategy includes specific problems or tasks for the student to
accomplish to improve performance or correct identified deficiencies. The task area assignments
module (Module I) receives information from the tutoring strategy module and identifies the speci-
fics of a required task. The specifics of the required task are transmitted to the scenario
generator. The new acenario is transmitted to the student and the expert and the process as pre-
viously described is repeated. The process continues until the skills of the student are deve-
loped to a predetermined level or the expert solution level. Further information on this
structure for a tutoring system is reported by Holmes.

1

4.0 PEDAGOGICAL ISSUES FOR IMMI

4.1 CONTEXT FOR DESIGN

The specifics of the design, development and implementation of an IMMI must generally be
stated in context of the domain of application. The issues discussed and presented here for an
IMMI will be in the general context of the tutoring system shown in Figure 1, specifically Module
H, the student-machine interface. The strucutre of the IMMI is stated in terms of a modular
approach, consistent with the approach used in developing the Intelligent Tutoring System. The
over all structure is stated as: (1) isolate the capabilities of the IMMI into distinct modules;
(2) abstract all domain dependent information in an explicit knowledge base; (3) identify an
explicit structure for the user model(s).

4.2 MODULAR STRUCTURE FOR IMMI DEVELOPMENT

As used In this research effort, a functional model of the modular IMMI system is shown in
Figure 2. The term "User Model" is used here to indicate representational methodology and
knowledge about the user of the system that will be necessarily different fecm the student model
identified in Figure 1. The knowledge base contains domain dependent information and knowledge
for user model operation. Data translators are defined as devices used to translate system
generated data to a specific representational modality. The particular modality selected for
interface operation will be determined by the needs and desires of the user as contained in the
user model. The number of data translators included in an IMHI system indicates the scope of
operations and interactive power for the community of users.

The data translators identified as modules three through five, i.e., text, graphics and
speech synthesis are used to indicate the range of individual Information communication options
available. The data translator identified in module six as a symbol generator operates in one of
two modes: (1) generates independent symbols from system input data or; (2) combines the modali-
ties of the other data translators to produce specific symbols to communicate with the user.

The combination of text and graphics would be most appropriate in some instances uhile text
and speech would be most effective in other cases. The particular modality is selected according
to the ability to transfer useful information. The selection is made depending on what is con-
sidered moot effective as established by the usor representation model.

5.0 USER DEPENDENT KNOWLEIDGE

In all aspects, an INHI in an integral part of a user conscious system. In this aspect
Berry has identified knowledge that a user conscious system should contain about the user.

2

(I) What competence does the user have with the system?

(2) What level of dowain expertise does the user possess?

(3) What are the interest, values and goals of the usert

(4) What are the expectations and assumptions of the user?

(5) What is the prtferred method of interact~on?

I Holmes, Willard N., "A Structure For Developing A Domain Specific Intelligent Tutoring System
For Maintaining Proficient Skill Levels For Weapons System Operation" in Proceedings of
Conference on New Training Technology, The uational Science Center for Coazunicatioo and
Electronics, Ft. Gordon, GA, April, 1988.

2 Berry, D. C., and Broadbent, D. C., "Expert Systems and the Man-Machine Interface" (Part 1),

Expert system, 3(4):228-232, October, 1986.
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(6) Modeled understanding of how the system works.

The user knowledge base will include more than just knowledge about the user. Knowledge
about certain aspects of the domain of the tutoring system operation is required. This will
result in a shared knowledge base or a set of knowledge elements in both the user and the student
related knowledge-bases. To the extent feasible, a shared knowledge base approach is preferred.

5.1 USER MODELS

The above items point to maybe what constitutes a minimum knowledge base for generating a
desired knowledge representation for the user. The user knowledge base and the user model deter-
mines the appropriate action. Recent research conducted by Borden et al.1 point out that user
models are typically represented in one of the following forms:

(1) Parametric, in which a set of values is identified to characterize the user for a given
task;

(2) Discrete-Event, in which the command or keystroke sequence is massaged into a finite-
state or finite-context model;

(3) Frame-like, in which the domain knowledge is used to identify explicitly his performance
with each concept or action;

(4) Expert Difference Modeling, which compares performance with a pre-determined standard;

(5) Bad Plan Detection, which recognizes instances of pre-stored behavior sequence which

suggest unfamiliarity with a concept;

(6) Candidate Model Siarch, which can lead to a successful finite state methodology in
restricted domains;

(7) Concept Use Frequency Analysis, to provide evidence of areas in which user performance is
lacking.

A characteristic that is common to all the above approaches to user modeling is that either
directly or indirectly the model is developed using measurements of the user's performance.

6.0 CONCLUSION

Noticeably missing from this discussion is any meation of voice recognition, color generation,
and specific input devices. During the early phases of research on this project, demonstrations
and reported research on voice recognition pointed to two conclusiones

(1) Voice recognition is still deeply embedded in research and not readily available for

application that requires realtime operation and involves a large vocabulary;

(2) Performance is reduced in applications whore the user community Involves a wide range of

user voice characteristics and under widely varying conditions, i.e., relaxed environment and
highly stressful environmonts.

Similar comment can be made about the use of color in tutoring and the transfer of

expertise. Research Is still needed to establish what to the best combination of colors and how

Information should be presented with color combination to achieve the best learning environment.

It is not clear that the added cost and complexity achieves comparable increase In achieving the
intended goals.2

Borden, P., Griffth, P., and Somers, !., An Analysie of Pedagogical Issued In Developing an

Intollilent Tutoring System Student-Machine Interface, HICROEXPERT SVSTLNS, Inc., 27007 Ventura
Blvd., Suite 210, Calabash, CA 91302, Final report for U. S. Army iCOMWD&E Canter, Contract
DAAL03-86-0-OO0l, November 23, 1987.

2 Nadler, N. I., Marcus, M., and Joshi, A. K., Noan-Computer Inteaction" Computer and

Information Science, University of Pansyivania. Coure'notes, Ft. Leavenworth, k, March 8, 9,

10, 1980.
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The input devices considered for this particular application environment will be limited to:
mouse, keyboard, joystick and multi-level switches.

The IM141 is beinS developed concurrently with other sub-modules of the tutoring system indi-
cated in Figure I. Some of the system sub-modules are being developed by different Lask groups.
For uniformity and ease of integrating the sub-modules, all development efforts are using
Inference Corporation's Automated reasoning Tool (ART) and Symbolics work stations.
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THE TACTICAL WEAPON GUIDANCE AND CONTROL
INFORMATION ANALYSIS CENTER (GACIAC)

GACIAC is a DoD Information Analysis Center operated by lIT Research Institute
under the technical sponsorship of the Joint Service Guidance and Control Commit-
tee with members for OUSDRE, Army, Navy, Air Force, ano )ARPA. The U.S. Army
Missile Command provides the Contracting Officer's Technical Representative. Its
mission is to assist the tactical weapon guidance and control community by
encouraging and facilitating the exchange and dissemination of technical data and
information for the purpose of effecting coordination of research, exploratory
development, and advanced technology demonstrations. To accomp!ish this,
GACIAC's functions are to:

1. Develop a machine-readable bibliographic data base --
currently containing over 36,000 entries;

2. Collect, review, and store pertinent documents in its field of interest --
the library contains over 11,000 reports;

3. Analyze, appraise and summarize information and data on selected
subjects;

4. Disseminate information through the GACIAC Bulletin, bibliographies,
state-of-art summaries, technology assessments, handbooks, special
reports, and conferences;

5. Respond to technical inquiries related to tactical weapon guidance
and control; and

6. Provide technical and administrative support to the Joint Service
Guidance and Control Committee (JSGCC).

The products and services of GACIAC are available to qualified industrial users
through a subscription plan or individual sales. Government personnel are eligible
for products and services under block funding provided by the Army, Navy, Air Force
and DIARPA. A written request on government stationery is required to receive all the
products as a government subscriber.

Further information regarding GACIAC services, products, participation plan, or
additional copies of these Proceedings may be obtained by writing or cailing:
GACIAC, IlT Research Institute, 10 West 35th Street, Chicago, Illinois 60616-3799,
Area Code 312. 567-4519 or 567-4526.


